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EINIGE NEUE CALORIMETER FUR 
METALLREAKTIONEN 


O. KuBASCHEWSKI 
National Physical Laboratory, Teddington, Middlesex, U.K. 


Das Schwergewicht der experimentellen Thermochemie liegt noch immer 
bei der Verbrennungsbombe und der Lésungscalorimetrie in waAssrigen 
Lésungsmitteln. So niitzlich diese Universalapparate sein mégen, ver- 
lieren sie doch viel an Bedeutung fiir die Aufklarung thermochemischer 
Daten der Legierungsbildung und metallurgischer Reaktionen, weil 
entweder die Verbrennungs- und Lésungsvorgange der betreffenden 
Substanzen zu uniibersichtlich sind oder die zu messenden Reaktionen zu 
geringe Warmeeffekte produzieren. Im letzteren Falle erhalt man das 
Resultat als kleine Differenz hoher Verbrennungs- oder Lésungswarmen, 
und die unvermeidlichen Messfehler fiihren zu grossen Unsicherheiten in 
den Endwerten. Die systematischen Messungen der Lésungwarmen von 
Legierungen von W. Biltz waren zweifellos eine Pionierarbeit, die Resultate 
jedoch noch recht unzuverlassig. Die Verbrennungscalorimetrie ist zum 
Studium der Bildungswarmen von Legierungen noch ungeeigneter, be- 
sonders offenbar wegen der zwar geringen aber unvermeidbaren und nicht 
vollig reproduzierbaren Mengen an geléstem Wasserstoff. 

Der fiir die genannten Reaktionen grundsatzlich geeignetere Weg ist 
die Direktcalorimetrie. Diese verlangt bei der oft geringen Affinitat der 
betreffenden Substanzen die Entwicklung von Hochtemperaturcalorimetern, 
deren Bedeutung in Zukunft erheblich zunehmen wird. Temperatur und 
Arbeitsmethode sind dabei so zu wahlen, dass die untersuchte Reaktion 
innerhalb einer experimentell vertretbaren Zeit vollstandig ablauft. Relativ 
einfach asst sich dies bei der Bestimmung der Mischungswarmen fliissiger 
Legierungen erreichen. Geeignete Calorimeter, die eine Messgenauigkeit 
von +1 Prozent erreichen, wurden z.B. von Wittig! und Kleppa® zur 
Untersuchung niedrigschmelzender Legierungen konstruiert. Besonders 
popular sind Lésungscalorimeter verschiedener Ausfiihrung*, die fliissiges 
Zinn als Lésungsmittel enthalten. Diese werden zwar meist als Differenz- 
verfahren angewendet; da aber die Lésungswarmen in Zinn von der 
gleichen Gréssenordnung sind wie die gesuchten Endwerte, entfallen die 
oben gegen die Differenzverfahren erhobenen Bedenken. Wenn die 
Anwendbarkeit der Zinn-Calorimeter nicht auf ein paar Legierungssysteme 
beschrankt bleiben soll, muss allerdings die Arbeitstemperatur betrachtlich 
erhéht werden, wie dies kiirzlich in einem Apparat von Oriani versucht 
wurde‘, 

Schwieriger ist die Direktcalorimetrie fester Legierungen und anderer 
metallurgisch wichtiger Substanzen. Wir beschaftigen uns am National 
Physical Laboratory seit einiger Zeit mit der Entwicklung derartiger 
Verfahren und wollen im folgenden kurz iiber die bisherigen Fortschritte 
berichten. 
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Einen einfachen Versuch, zu entscheiden, ob sich Eisen und Chrom 
schwach exotherm oder endotherm legieren, hat Mr W. A. Dench angestellt: 
s. Abb. 1. Zwei Zylinder (Durchmesser 15 mm) mit je einer axialen 
Bohrung, der eine aus reinem Nickel, der andere ein Pressling aus einer 


Steel tube Electrical furnace Alumina tube 


Pt-Rh thermocouple 
Pt-Rh differential 
couple 


Nickel 


Compressed powder of Alumina tubes 


chromium - iron mixture 


Mischung von Chrom- und Eisenpulver, werden zusammen in einem 
elektrischen Ofen erhitzt. Durch die zentralen Bohrungen fihrt ein 
differentielles Pt/Pt-Rh Thermoelement mit je einer SchweiBstelle in den 
beiden Metallzylindern. Die Temperaturdifferenz der SchweiBstellen 
wird mit einem empfindlichen Spiegelgalvanometer gemessen. Ein 
weiteres Thermoelement dient zur Messung der Temperatur zwischen 
den Zylindern. Die Anordnung wird in etwa 80 min auf 1100°C erhitzt. 
und die Temperatur dann konstant gehalten; der Galvanometerausschlag 
wird derweil beobachtet, bis er auf Null zuriickgegangen ist. Er ist in Abd. 2 
gegen eine Zeit~Temperatur-Skala aufgetragen. Am folgenden Tage wird 
das Experiment mit der gleichen Temperatur-—Zeit-Folge wiederholt: die 
gestrichelt gezeichneten Galvanometerausschlage wurden beobachtet. Die 
Differenz der Galvanometerausschlage vom ersten und zweiten Versuch 
ist im unteren Teil der Abb. 2 aufgetragen. Schliesslich wurde durch Mikro- 
hartemessungen festgestellt, dass sich der Chrom-Eisen-Pressling zu einet 
\0-prozentigen Legierung homogenisiert hatte. 
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Umwandlungswarme von Nickel bei etwa 350°C, eliminiert. Im vorliegen- 
den Falle sollten jedoch die Effekte unter 500°C wegen der schnellen 
Aufheizgeschwindigkeit ausser Acht gelassen werden. Die magnetische 
Umwandlung von Eisen erscheint als positiver Warmeeffekt zwischen 680 
und 880°C, da dieser nur im unlegierten Zustand auftritt: in der Legierung 
erscheint er als negativer Effekt bei etwa 500°C. Bei etwa 940°C macht 
sich die A3 Umwandlung des Eisens bemerkbar, und anschliessend ver- 
lauft iber 1000°C die Bildungsreaktion ab. Die Bildung der Chrom- 
Eisen-Legierung ist demnach eindeutig endotherm. Die Gréssenordnung 
des Effektes lasst sich durch Vergleich mit den beiden Eisenumwandlungen 
aus deren Umwandlungswarmen zu +250 +100 cal/g-atom fiir die Bildung 
aus Cr und y-Fe abschatzen, in Ubereinstimmung mit einem kiirzlich 
von G. Heymer bei uns aus Dampfdruckmessungen erhaltenen Wert. 
Fiir genaue Messungen ist diese Anordnung ungeeignet. Ein im Prinzip 
ahnlich arbeitendes, etwas genaueres Calorimeter wurde von Fischer und 
Lorenz zur Untersuchung der Bildungsreaktion des Spinells FeO-Al,O, 
konstruiert®. Bei uns wurde von Dench und Genta® ein Hochtemperatur- 
calorimeter gebaut, das zur Bestimmung kleiner Reaktionswarmen bis zu 
einer Temperatur von 1000°C geeignet ist: Abb. 3. 


4 


Abb. 3 


Der zylindrische Pressling (A) befindet sich mit einem Platinéfchen (D) 
in einer Hille (E) aus zunderfestem Stahl, die in je eine Boden- und Deckel- 
platte und zwei geflanschte Rohre unterteilt ist. Eine dussere Hiille (H) 
ist ebenso unterteilt, und die Einzelteile der inneren und Ausseren Hiille 
sind mittels Sinterkorundréhrchen (F, J) voneinander isoliert. Die 
Auflagerohre bei G und K sind ebenfalls aus Sinterkorund. Vier hinterein- 
andergeschaltete Pt/Pt-Rh Differential-Thermoelemente (L) haben je 
eine SchweiBstelle auf einem Teilstiick der inneren Hiille, die andere an 
dem entsprechenden Teilstiick der dusseren. Sie sind mit einem Spiegel- 
galvanometer verbunden. Das Thermoelement M hat seine Heisslétstelle 
zwischen den beiden Hiillen. 

Die Apparatur wird zundchst mit Hilfe einer Oldiffusionspumpe bei T 
evakuiert, und der Molybdandrahtofen (N) dann auf cine Temperatur 
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erhitzt, bei der sich die Metallpulver (z.B. Gold und Nickel) gerade noch 
nicht legieren, aber entgasen lassen. Danach wird der Ofen schnell auf 
die Temperatur gebracht, bei der sich die Pulver innerhalb etwa zwei 
Stunden (Vorversuche!) vollstandig legieren. Die Spannung wird mit 
einem Stabilisator konstant gehalten. Die Galvanometerausschlage werden 
beobachtet, bis sie einen konstanten Wert erreichen. Dieser Wert ist nicht 
genau Null, weil sich cin (konstanter) vertikaler Temperaturgradient 


innerhalb der Hiillen ni 


t ganz vermeiden liAsst. 

Nach dem Abkihlen des Ofens wird das Experiment wiederholt, ohne 
irgendwelche Aussere Verinderungen vorzunchmen. Wie Abb. 4 zeigt, 
wird der konstante Ausschlag diesmal schneller erreicht. Der Unter- 


schied der beiden Kurven riihrt von dem Warmeverbrauch der Reaktion 


at % Tr 844°C 


Reaction 
Calibration 


- 


couple potential 


Differential 


Flache 


fur ein gemessenes Zeitintervall mit einem konstanten Gleichstrom gespeist 


wird der Platinofen (D 


und Spannung und Stromstarke auf Prazisionsinstrumenten verfolet. Aus 
dem Energiediquivalent det entsprechenden Flache (Abb. 4) lasst sich 

esslich das EnergieAquivalent der Flache zwischen der Versuchs- und 
Eichkurve berechnet Eine Unsicherheit der Auswertung ist dadurch 


lingt, dass die Reaktion bereits einsetzt. bevor die Anordnung konstante 
ur erreicht hat. Zur Kontrolle wurde die Eichung deshalb 
gelegentlich wahrend des letzten Stadiums der Aufheizung vorgenommen: 
bei gleicher Energiezufuhr ergab sich der gleiche Flacheninhalt wie nach 
Einste Ges } ik tcs. 

In dem vorliegenden Beispiel der Bildung einer Gold-Nix kel-Legierung 
mit 30 At.-Prozent Au ergab sich die Enthalpie zu 1190 100 cal /g-atom. 
Fir entsprechende Versuche mit Cu-Ni-Legierungen war die Uberein- 
stummung mit unabhangigen Messungen’ gut. 

Fir spontan verlaufende Bildungsreaktionen ist dieses Calorimeter 
ungeeignet. Wir hatten deshalb einen Apparat® konstruiert, der sich fir 
spontane Bildungsreaktionen insbesondere der Aluminide von Ubergangs- 
metallen als brauchbar erwiesen hat. Hier mége eine knappe Bes¢ hreibung 
des Calorimeteres (Abb. 5) geniigen. 
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Abb. 5 


Der Pressling (A) aus dem Metallpulver-Gemisch befindet sich in einem 
Molybdanofen (B), dessen Warme durch eine Anzahl von Nickel-Strahl- 
schilden (E) auf den Pressling konzentriert wird, in einem Aluminiumblock 
(F) mit Gasauslassen (H), der in einem Messingbehalter (K) hangt (J). 
Der Behalter steht in einem Thermostaten von 25,00°C. Zehn nachein- 
ander geschaltete, differentielle Thermoelemente messen die Temperatur- 
differenz zwischen dem Aluminiumblock (F) und dem Messingbehalter (Q). 

Wenn cin Pressling, z.B. aus Mangan- und Aluminiumpulver, in F 
aufgehangt und der Behalter durch M evakuiert ist, wird der Ofen (B) 
elektrisch geheizt, wahrend die zugefiihrte Energie mit einem Wattstunden- 
messer genau bestimmt wird. Die spontane Legierungsbildung macht sich 
durch einen plétzlichen Temperaturanstieg (z.B. bis 1050°C) bemerkbar. 
Der Ofen wird abgeschaltet und die Potentialdifferenz—Zeit-Kurve auf- 
genommen (Abb, 6). Um eine Wasserwertbestimmung des Calorimeters zu 
umgehen, wird die beschriebene Prozedur am folgenden Tage wiederholt, 
und zwar unter Zufiihrung von soviel elektrischer Energie, dass die Kurve 
des Vortages genau reproduziert wird. Zwei oder drei Eichversuche sind 
u.U. notwendig. Die Bildungswarme det Legierung ergibt sich dann 
einfach als Differenz der elektrischen Energiezufuhren am zweiten und 
ersten Tage. Die physikalischen Fehler werden damit auf die Messge- 
nauigkeit des Wattstundenmessers reduziert. Die chemischen Fehler, 
wie Unvollstandigkeit der Reaktion und der Effekt von Verunreinigungen, 
sind natiirlich die gleichen wie bei allen derartigen calorimetrischen 


Messungen an Legierungen. Sie werden durch nachfolgende Analysen, 
mikroskopische und réntgenographische Untersuchungen weitgehend unter 
Kontrolle gebracht. Die Bildungswarme einer Legierung Mn,Al,, ergab 
sich z.B. zu —5100 + 200 cal/ g-atom. 
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Zu den metallurgisch wichtigen Substanzen gehéren natiirlich auch 
starker exotherme, wie die Halogenide. Ihre Bildungswarme l|Asst sich im 
allgemeinen gut mit Hilfe der Lésungscalorimetrie in Sauren ermitteln. 
Die Methode ist jedoch weniger gecignet fiir das Studium kovalenter 
Halogenide mit niedrigem Siedepunkt. Direkte Verfahren sind auch hier 
vorzuziehen. Eine Calorimeterbombe fiir Chlorierungen wurde von 
Siemonsen® beschrieben. Gross, Hayman und Levi! haben ein elegantes 
Verfahren zur Bestimmung der Bildungswarme von Titantetrachlorid 
angegeben. Fraulein Dr von Goldbeck hat bei uns zur Untersuchung 
von Vanadintetrachlorid einen anderen Weg gewahlt, der hier abschliessend 
beschrieben sein mége: Abd. 7. 


—— 
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Abb. 7 


Ein Platinrohr (Durchmesser 5 mm) in einem gewohnlichen Wasser- 
calorimeter, bestehend aus Beckmannthermometer, Riihrer und Dewar- 
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gefaB, ist auf der Eingangsseite durch ein Nickelrohr von dem Calorimeter- 
wasser getrennt und auf der Ausgangsseite spiralférmig gewunden, um 
eine grosse Oberflache zu schaffen. Das Einlassrohr hat unten ein gebo- 
genes Stiick zur Aufnahme der Vanadinkiigelchen und ist Ausserlich mit 
einer Lage aus Bleiglas versehen, auf die 10 cm Cr—Ni-Draht gewunden 
sind. Zur Messung wird ein Chlorstrom durch das Platinrohr geleitet 
und dann der Cr—Ni-Draht mit einer genau gemessenen Elektrizitatsmenge 
fir 6 min auf etwa 500°C geheizt. Das gebildete fliichtige VCl, konden- 
siert sich in der Spirale, und die gemessene Temperaturerhéhung stammt 
lediglich von der Bildungswarme des Tetrachlorids und der elektrisch 
zugefiihrten Energie. In den geschilderten Versuchen war der Anteil 
der elektrisch zugefiihrten Energie an der Gesamtwarmemenge, wie Abb. 8 
zeigt (untere Kurve), relativ betrachtlich. Bei zukiinftigen Anwendungen 
der Methode sollte dieser Anteil méglichst herabgesetzt werden. Die 
Menge des gebildeten Tetrachlorids muss nach jedem einzelnen Versuch 
bestimmt und eine Korrektur fiir das vom Chlorstrom herausgefiihrte 
Chlorid beriicksichtigt werden. 


Temper ature 


Reaction run 
Calibration run 


Abb. 8 


Bei unseren calorimetrischen Arbeiten erwies sich stets die physikalische 
Seite der Messtechnik als das geringere Problem. Die Hauptfehlerquellen 
kamen von einer ungeniigenden Beherrschung der chemischen Reaktionen 
und Nebenreaktionen her, ein Punkt, der leider nicht immer geniigend 
beachtet wird: es wird nicht selten mit Kanonen nach Spatzen geschossen, 
d.h. ein grosser physikalischer Aufwand wird getrieben, um eine Genauigkeit 
zu erzielen, die auf der chemischen Seite keineswegs gerechtfertigt erscheint. 
Der Thermochemiker muss in erster Linie auch Analytiker sein: eine 
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Voraussetzung, auf die seinerzeit W. A. Roth immer wieder hingewiesen 
hat. 


Die vorliegende Arbeit ist im Rahmen des J ersuchsprogramms des National 
Physical Laboratory ausgefiihrt worden und wird mit Erlaubnis des Direktors des 
Laboratoriums veréffentlicht. 
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ZUR THERMOCHEMIE VON 
LEGIERUNGEN 


A. Scunemper, H. Kxorz, J. und G. SrrauB 


Anorganisch-chemisches Institut der Universitét, Géttingen, Deutschland 


Zur Erganzung bekannter Verfahren zur Bestimmung thermodynamischer 
Kenngréssen von Legierungen' wurden folgende Moéglichkeiten experi- 
mentell gepriift: 


(1) Direktkalorimetrische Vereinigung der Komponenten 
(a) mit Fe-S—Gemisch (50 At. prozent) als Ziindmaterial 
(b) durch Ziindung mit einem in das Kalorimeter fallenden 
Heizkérper definierten Warmeinhalts (“‘ drop-Methode ”’). 
(2) Indirekte Bestimmung von AG, AH und AS durch Bestimmung des 
Léslichkeitsproduktes der Phase Me!Me}' in einem Lésungsmetall 


Me! bei verschiedenen Temperaturen. 
Die Verfahren (la) und (lb) kommen im wesentlichen in Frage bei 


relativ niedrig (unter 1000°C) schmelzenden Phasen. Verfahren 2 dagegen 
bietet Vorteile bei hochschmelzenden Verbindungen. 


Au (Ja)—Bestimmt wurde die Bildungsenthalpie von InSb (Schmelz- 
punkt 525°C). Wasserwert des Kalorimeters: 3317 + 13 cal. Ziind- 
gemisch : Ejisen-Schwefel (50 At.-Prozent) AH8.-«(FeS) = — 23,2 


+ 0,1 kcal/Mol. 

Das In-Sb-Gemisch (jeweils 12-17 g der stéchiometrischen Zusammen- 
setzung InSb) wurde in einem Eisentiegel (etwa 25 mm hoch, 13 mm lichte 
Weite, 0,3 mm Wandstarke) luftdicht untergebracht. Einbettung des 
Tiegels in die Fe—S-Mischung: jeweils 15 g ~ 3850 cal. Die zur Ziindung 
aufgewendete Warmemenge betragt damit etwa das 10-fache der Reaktions- 
warme bei der Bildung von InSb. 

Die Fehlerdiskussion ergibt: die kalorimetrisch ermittelte Gesamt-WaAr- 
meténung ist mit einem Fehler von maximal + 1,4 Prozent behaftet 
(Summe der Fehler bei der Bestimmung der Ziindenergie, des Wasserwertes 
sowie des Umsatzgrades, der analytisch und metallographisch ermittelt 
wurde). Durch Differenzbildung wird der Fehler von AH(InSb) jedoch 
wesentlich erhéht: mittlere Abweichung vom Mittel bei sieben Messungen 
rund 8 Prozent. AHB#,..«(InSb) = —3,4 + 0,3 kcal/g-atom. 

Ku (1b)—Bestimmt wurde die Bildungsenthalpie der Phasen MgZn,, 
Mg,Zn,, und MgZn. Schmelzmaximum im System Mg-Zn bei 590° und 
der Phase MgZn,. MgZn und Mg,Zn,, schmelzen unter Zersetzung bei 
354° bzw. 380°. Gepresste Mischungen von Mg- und Zn-Pulver (jeweils 
33 At. prozent Mg) reagieren rasch oberhalb 370° unter Legierungsbildung. 
Im Kalorimeter (Wasserwert: 4300 + 8 cal) untergebrachte Mg-Zn- 
Presslinge werden zur Reaktion gebracht mit Hilfe eines von definierter 
Temperatur in das Kalorimeter iiber den Pressling fallenden Al,O,-Tiegels. 
Ofentemperatur zur Aufheizung des Tiegels: 950+ 0,5°C. Fallzeit des 
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Tiegels nach Einschwenken des Ofens iiber das Kalorimeter: 0,2 sec. 
Gewicht des Al,O,-Tiegels: 20,818 g. Eichung mit Ag-Zylinder von 
124,92 ¢ 4518 cal (zwischen 25° und 630°C). Einfallen des Al,O,- 
Tiegels von 950° entspricht einer notwendigen “ Ziindenergie * von rund 
9000 cal (Fehler: + 0,2 Prozent). Damit wird die Warmeténung der 
Legierungsbildung zu rund 10 Prozent des gesamten kalorimetrischen 
Effektes. Wegen der guten Reproduzierbarkeit aller kalorimetrischen 
Manipulationen liegt trotz der ungiinstigen Differenzbildung der Fehler 
der Bildungsenthalpie fur MegZn, (AH gcc 3,6 kcal/g-atom) unter 7 Pro- 


zent + 0,25 keal). Entscheidend ist die Genauigkeit der Umsatz- 
bestimmung, die wir chemisch, metallographisch und insbesondere rént- 
genanalytisch durchfiihrten: Intensitatsmessung mit einem Réntgen- 
Diffraktometer (“‘ Norelco ” der Fa. Miiller. Hamburg). Es gelingt, neben 


hauptsachlich gebildetem MgZn, auch geringe Anteile MgZn und Mg,Zn,, 
quantitativ zu erfassen, Nicht umgesetztes Magnesium wurde durch 
Grignardierung erfasst. Die so ermittelte Menge Mg steht in Uberein- 
stimmung mit dem Ergebnis der Rontgenanalyse. Ein graphisches 
Verfahren (Dreieckskoordinaten fiir prozentuale Anteile des Gemisches 
MgZn + MgZn, + Mg,Zn,, mit AH-Ordinate) erlaubt aus mindestens 
drei kalorimetrischen Bestimmungen und genauer Analyse der Reaktions- 
produkte (MgZn, MgZn,, Mg,Zn,, neben Mg und Zn) die Ermittlung der 
Bildungsenthalpien aller drei Mg-Zn-Phasen. Bei einer Einwaage von 
Mg : Zn ef 33 At.-Prozent Mg) ist allerdings der Fehler fur 
AH(MgZn) bzw. AH(Mg,Zn,,) wegen der kleinen Menge der bei der 
Umsetzung gebildeten Phase grésser. Wir fanden: 


(MgZn, 3,6 + 0,25 kcal/g-atom 
AA (MgZn 2,5 + 0,75 kcal/g-atom 
AA (Mg,Zn,, 2,4 + 0,6 kcal/g-atom 


Bei geniigend niedrig liegenden Reaktionstemperaturen bzw. genigend 
hohen Bildungsenthalpien erscheint das Verfahren auf eine Reihe anderer 
metallischer Systeme anwendbar: z.B. Mg-Sb, Ca-Sb, Mg-Ni, Ca Al, 
Ce-Al, La-Al, Mg—Cu, Fe-Si etc. 

<u (2)—Bestimmt wurden AG, AH und AS fur die Phasen Fe,Zr, Al,Zrs, 
Al,Zr, und Al,Zr. Messprinzip: Bestimmung det Léslichkeitsprodukte 
der schwerldslichen Phasen in fliissigem Magnesium als Lésungsmetall bei 
verschiedenen lemperaturen. Die Bestimmung von Sattigungskonzentra- 
tionen der reinen Komponenten (Fe, Al, Zr) bzw. der Phasen im Le sungs- 
metall (Mg) liefert in analoger Weise wie Dampfdruckmessungen AG-Werte, 
ist aber apparativ cinfacher und bietet Vorteile insbesondere fiir hoch- 
schmelzende Phasen. 

Wie Hume-Rothery erstmals zeigte, kann die Ausfillung ciner festen 
metallischen Phase (z.B. Mg,Si) aus festen oder fliissigen metallischen 
Lésungen formal genau so beschricben werden wie die Fall ing schwer 
loslicher Verbindungen aus wassriger Lésung. Das Léslichkeitsprodukt fur 
Mg,Si (gefallt aus Al als Lésungsmittel 
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ZUR THERMOCHEMIE VON LEGIERUNGEN 


Logarithmierung ergibt allgemein fiir die Fallung von Me! Mel! 
log I/x . log L — y/x . log 


d.h. log ay; gegen log 4,11 aufgetragen gibt eine Gerade, deren Steigung 
durch den Richtungskoeffizienten »/x gegeben ist. 
Nimmt man bestimmte Voraussetzungen als gegeben an: 


(a) keine Molekiile der intermetallischen Phase in der Schmelze 
(berechtigt in sehr verdiinnter Lésung) ; 
(b) homogene und atomare Verteilung von Me! und Me" im 
Lésungsmetall Mel; 
Giltigkeit des Henry’schen Gesetzes (bei Me!- bzw. Me™-Kon- 
zentrationen unter rund | prozent) ; 
Phasengleichgewichte zwischen Me!-Schmelze und fester Me! Mel! 
Phase, 
so ergibt die Konode Me!—Me!Me!! die Sattigungskonzentration fiir die 
Phase im fliissigen Me! und log [Me!] gegen log [Me™] die Fallungsgerade. 
Der Vorgang der Fallung aus dem Lésungsmetall Me! ( feste 
Phase; [Me!], Lésung von Me! in fliissigem Me’; AG partielle freie 
Enthalpie; AG = integrale freie Enthalpie) : 


x{Me!], + 9[Me!],, = (Me!Me!!) + AGB, (1) 


ist mit der Energicumsetzung AG® verbunden: freie Bildungsenthalpie der 
Phasenbildung aus in Me! gelésten Komponenten. AG'(= —AG®) ist 
entsprechend die freie Enthalpie der Uberfiithrung von | Mol Me! 
in die verdiinnte Lésung. 

Zur Bestimmung der freien Bildungsenthalpie von <Me!Me!!) aus 
den festen reinen Komponenten x(Me!> und »(Mel!) fihrt folgender 
Zusammenhang: 


Me! 


y(Mell) »[Mell], + AGS 


x[Me!], + »[Me"™], (Me! Mel!» + AGB, 


x(Me!> + »(Mel) Me! Mel! + AGB, 


Allgemein wird damit 
AGH, ACB, T JACK 


In realer Lésung und im Henry’schen Bereich (a = {V = const 
unter Verwendung der Aktivitaten* 


AGH, RT In In ayy — In ayn 


* Hierbei sind a’, =Aktivitét bzw. Konzentration fiir gesdttigte Schmelze uber der 
Phase; a’, « Aktivitat bzw. Konzentration fiir gesittigte Schmelze den reinen 
Komponenten. 
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THE USE OF REACTION CALORIMETRIC 
METHODS FOR MEASURING HEATS OF 
FORMATION OF ORGANO-METALLIC 
COMPOUNDS 


H. A. Skinner, J. E. Bennetr and J. B. Pepiey 
University of Manchester, UK. 


The measurement of the heats of formation of organo-metallic com- 
pounds presents, usually, a difficult task to the experimental thermochemist. 
Thus the method of combustion in a conventional bomb-calorimeter, 
although it has been applied to a number of metallic alkyls in recent years' 
and yielded valuable results, is nevertheless not entirely satisfactory. The 
difficulty is that complete oxidation of the organo-metallic compound is 
not always attained, and the metal may be left, after the combustion, in a 
partially oxidized state, as a mixture of free metal, oxides, and possibly 
carbonate and carbide The development of the rotating-bomb te hnique 
offers a solution of this major difficulty, and successful studies have already 
been reported by Scott, Good and Waddington* on the combustion of 
lead tetracthyl, and by Good, Fairbrother and Waddington® on manganese 
carbonyl. One can therefore feel confident that in due course precision 
measurements of combustion heats of organo-metallic compounds will be 
made. 


However, it is desirable that methods other than that of combustion 
should be investigated, not only to provide independent checks on com- 
bustion results, but also to develop reaction calorimetric methods. Several 
typical reactions of organo-metallic compounds are potentially suitable 
for heat of formation measurements, but comparatively few such thermal 
studies have as yet been made. Some of these studies are briefly discussed 
below. 


HYDROLYSIS REACTIONS 
Several of the alkyls of the metals belonging to Groups I, II, and III are 


easily hydrolysed by water, or by dilute acids, at room temperature. 


Measurements of heats of hydrolysis are available for cadmium dimethyl, 
cadmium diethyl, zinc dimethyl, and zinc diethyl, from which heats of 
formation have been derived*. It should be possible to extend studies of 
this type to the alkyls of the alkali metals and the alkaline earths, to beryl- 
lium alkyls, and the alkyls of aluminium and gallium. Apart from mani- 
pulative and preparative difficulties, the main problem is that of controlling 
the vigour of the hydrolysis reactions. In this connection, the studies already 
made on the hydrolysis of zinc and cadmium alkyls could be improved 
upon by hydrolysis in a diluent solvent. 
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HALOGENATION REACTIONS 


Many metallic alkyls readily react with halogens, and in suitable cases 
these reactions can be studied thermochemically, and so provide useful 
heat of formation data. Examples already investigated include the iodina- 
tion of cadmium dimethyl and diethyl, the iodination of zinc diethyl', 
and the iodination of gallium trimethyl>. Thermochemical studies on the 
iodination and bromination of a number of mercury dialkyls* have been 
made via the pairs of reactions (X = Br, or I 


HgR, + X, -» HgRX + RX (i) 


HgeR, + HgX, -» 2HgRX (ii) 
from which the heat of total halogenation: 
HgR, + 2X, -» HgX, + 2RX (ili) 


was derived. 

Table ] summarizes the heat of formation data on metal alkyls obtained 
by these reaction calorimetric studies: in the same table, the heats of forma- 
tion derived from combustion heats are also given, where available, for 
purposes of comparison’, The agreement between the heats of formation 
derived from combustion and reaction calorimetric methods is very fair, 
although neither method has yet given results of high precision. 


Table 1. Heats of formation of organo-metallic compounds 


AH? (kcal/mole 
Method 
Combustion 
Hydrolysis 7 19-6 


” 


Bromination 


Reaction with HC! 
lodination 


HEATS OF HYDROBORATION 


Brown and Subba Rao® have recently reported that in the presence of 
organic ethers, diborane adds to olefins with remarkable ease and speed 


at room temperature to form organoboranes in high yields: 


6 RCH=CH, + B,H, -» 2(RCH,CH,),B 


Since the heats of formation of olefins and diborane are already known, the 
measurement of heats of hydroboration provide a route to the heats of 
formation of organoboranes. 

J. E. Bennett and J. B. Pedley have recently made a preliminary series of 
measurements on the heats of addition of diborane to the olefins hex-1-ene, 
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THE USE OF REACTION CALORIMETRIC METHODS 


oct-l-ene, and oct-2-ene, in diglyme (CH,(QCH,CH,),OCH,) solution. 
They used a silver-plated copper calorimeter containing a Pyrex glass 
reaction vessel immersed in water: the calorimeter was placed inside a 
metal jacket within a thermostat. The temperature of the calorimeter 
was measured by a shielded thermistor element (Stantel, F/2311/300) 
immersed in the calorimetric fluid. 

The reaction vessel was similar in design to that used by Brown and 
Gintus® in their measurements of the heat of solution of diborane in various 
solvents. The diborane gas entered the reaction chamber (Figure /) 
through the glass sinter, K, which was sealed with sufficient mercury 
(~1 cm*) to allow the sinter to operate as a valve. The reaction chamber 
contained a known amount of diglyme-olefine solution (usually ~28 cm?) 
stirred at constant speed (136 rev/min) by a stainless steel stirrer through a 
ball and socket joint, A. The exit gases escaped through the filling tube, 
D, and passed into a water-containing trap outside the calorimeter, the 
purpose of which was to decompose any diborane gas escaping from the 
reaction vessel. 


Figure 1. Calorimeter and reaction vessel: A, C, ball and socket joint: Pyrex capillary; 

B, small electric heater; D, exit tube; E, polythene spacers; F, O-ring seal; G, Pyrex reaction 

vessel; H, outer calorimeter jacket; I, silver-plated copper can; J, mercury; K, glass sinter; 
L, Bakelite pegs; M, stirrer; N, stirrer connection 


The calorimeter can contained a propeller stirrer, M, located in a brass 
tube, an electric heater for calibration, and a shielded thermistor element: 
it was charged with 700 g of distilled water for each experiment, and sealed 
with a lid, slotted to take the inlet tubes of the reaction vessel and support 
it firmly in position. The can was supported by three bakelite pegs, L, 
inside a brass jacket, closed at the top by a flanged lid: the whole assembly 
was immersed in a water thermostat bath. 
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The experimental procedure was as follows. 

The reaction vessel was cleaned and thoroughly dried, and swept out 
with dry nitrogen: it was then charged with a solution containing a known 
amount of pure diglyme and olefin, and placed in position in the calori- 
meter can. The calorimeter was located in the jacket, the flange-lid bolted 
on, and the assembly immersed in the thermostat. The calorimeter and 
reaction vessel stirrers were set in motion, and the calorimeter heater used 
to bring the calorimeter temperature within §°C of 25°C. 

Before introducing the diborane in quantity, a small amount ‘usually 
3-10 cm*) was passed through the filling lines Pyrex capillary), via the 
mercury-sealed sinter into the diglyme solution: this “ flushing ’’ with 
diborane was intended to rid the filling lines of traces of moisture, and to 
destroy traces of moisture and other reactive impurities remaining in the 
diglyme solvent. The diborane flushing was immediately followed by a 
flushing with pure dry nitrogen. The system was then allowed time to 
regain a steady thermal state. 

Thermistor resistance readings were recorded at regular intervals to 
establish the fore-rating period, following which the reaction proper was 
carried out, by introducing a measured volume (usually ~50 cm?) of 
diborane into the reaction vessel from a calibrated gas-burette. The 
reaction time was usually about 20 min. After introducing the diborane, 
the reaction vessel was again flushed out with dry nitrogen, and the after- 
rating thermistor readings recorded. 


Preparation of compounds 
Diborane was prepared by treating sodium boron hydride with boron 
trifluoride-etherate, in diglyme solvent, as described by Brown and Rao’. 


The diborane gas was purified by low-temperature fractional distillation 


in an all-glass grease-free vacuum system. The diborane was freshly pre- 
pared before each experiment in quantities of ~100 cm’, sufficient for one 
experiment only. 

Diglyme was supplied by the Ansul Chemical Company, and purified by 
distillation under reduced pressure (20 mm Hg) from lithium aluminium 
hydride. The purified stock solution was stored under dry nitrogen. 

Hex-1-ene was a high-purity (99-9 per cent) sample, supplied by the 
Chemical Research Laboratory, D.S.1.R., Teddington. 

Oct-l-ene and oct-2-ene were commercial samples (Light and Co.), puri- 
fied by distillation from sodium and by fractional distillation. 

Cyclohexene was similarly purified. 

In the latter cases, the degree of purity of the hydrocarbons was not 
known, nor were purity measurements made. 


Calibration 


The calorimeter was calibrated electrically by the substitution method. 
The heat exchange between calorimeter and jacket during an experiment 
was evaluated from the time-temperature curves by the Regnault- 
Pfaundler method. From the spread in the measured calibration con- 
stants, the calorimeter performance was reproducible within limits of 


+? per cent. 
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THE USE OF REACTION CALORIMETRIC METHODS 


Units 
Heat quantities are expressed in thermochemical calories, defined by 
1 cal = 4-1840 abs. joules. The measurements were made at 25°C. 
In estimating the amount of diborane from the volume used, it was 
accepted that | mole of B,H, at N.T.P. occupies 22-15 1. 


Results 

In order to test the calorimetric method, a number of measurements were 
made of the heat of hydrolysis of diborane gas. In these experiments, 
the reaction vessel was charged with 25 cm* of pure water, and a measured 
volume of diborane was introduced into the vessel. Of the total diborane 
used, only 70-80 per cent was hydrolysed in the reaction vessel, the remain- 
der being carried away by the effluent hydrogen gas and hydrolysed outside 
the calorimeter in the water-filled trap. The amount of diborane hydrolysed 
in the reaction vessel was determined from the amount of boric acid recovered 
from it after the experiment; similarly, the amount of boric acid formed in 
the water-trap measured the diborane escaping hydrolysis in the reaction 
vessel. 

From a series of independent purity determinations, it was established 
that the average purity of the diborane used in these experiments was 
98-9 per cent. 

To calculate the heat of hydrolysis, it was necessary to define the amount 
of diborane hydrolysed in the reaction vessel in each experiment. This was 
done in two ways: 


(1) from the amount of boric acid recovered from the reaction vessel; 

(2) from the amount of diborane introduced into the reaction vessel, 
less that escaping from it, as determined by the amount of boric acid 
recovered from the water trap. 

The two methods of estimating the amount of reaction generally agreed 
with one another within limits of | per cent, the mean of the two measures 
being accepted as correct. 

It was assumed that the hydrogen gas formed in the reaction vessel was 
saturated with water vapour before escaping the calorimeter, and that an 
evaporation heat correction was necessary to allow for this effect. This 
amounted to 2-0 kcal/mole of diborane hydrolysed in the reaction vessel. 
The heat of hydrolysis results are summarized in Table 2. 


Table 2. Heat of hydrolysis of diborane gas 


B,H, used B,H, hydrolysed Heat evolved — AMnyarol. 
Expt. (m. moles) in R.V. (m. moles cal (kcal/mole of B,H,) 
l 2-070 1-511 166-0 111-8 
2 2-034 1-777 194-5 111-5 
3 1-897 1-307 142-5 110-9 
2°249 1-813 199-4 112-0 
Mean value 111- 


The overall uncertainty in the mean AMpyaroi, is appreciably greater 
than the spread of the observed results, if allowance is made for the accuracy 
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of the calorimeter (+ } per cent), and the uncertainty in analysis (ca. +4 
per cent) of the amount of B,H, hydrolysed in each run; nevertheless, the 
agreement with the value obtained by Prosen, Johnson and Pergiel!®, 
AM nyarot —111-46 + 0-54 kcal/mole, is most satisfactory. 


Hex-1l-ene 


The reaction occurring with hex-l-ene in solution was presumed to be: 


B He ¢gas) - 6 C,H, eiaigiyme, soln.) 2B C,H,, a(diglyme, soln.) i 


and the observed heat of reaction, AHon.. refers to this reaction. It is 
important to stress that we have not established by analysis of the products 


that reaction (i) occurs without any contaminating side-reactions. We 
have considered the possibility of in« omplete reaction, with the formation of 
C,H,,;) .BH,B(C,H,,),; however, addition of water to the reaction products 
did not result in a significant evolution of gaseous products, so that this 
possibility would seem to be eliminated. We have in all experiments used 
a large excess of hex-l-ene relative to diborane. The amount of diborane 
consumed by reaction (i) in each run was determined from the amount of 
diborane introduced into the reaction vessel. less that escaping and sub- 
sequently hydrolysed in the water-trap outside the calorimeter. Reaction 
1) 1s extremely rapid, and only very small amounts of diborane gas were 
found to escape the reaction zone. 

Measurements were made separately in a small Dewar vessel calori- 
meter of the heats of solution in diglyme of hex-l-ene. and of pure boron 
trihexyl. Solution heat corrections were made to AHons in order to 


obtain AH, of the simple reaction: 
+ 6 CoH, 2.0) 


In each experiment, a preliminary “ flushing’ of the reaction vessel 
and contents with diborane was carried out to remove traces of moisture. 
In some experiments, the diglyme solvent was pre-treated with diborane 

he calorimeter before addition of hex-]l-enc. 

¢ results obtained are preliminary in nature, since we intend to repeat 
the investigation using a larger reaction vesse! and a more precise calori- 
neter, and also to improve the present analytical te hnique. The details 
ol a representative sample of the more satisfac tory runs are given in 


1 able Je 


droboration of He 


| 
3 
| 
| 
ah 
| 
| 
fable 3. Heat 
: BH ish 0-4 0-405 0-477 
‘ ll) consumed 19.2 19.2 
Alt. keal 6 sof C.H,, 4.5 
az ; B ¢ «H,, " 0-5 0-5 
i 133-4 131-9 134°] 
22 
| 


THE USE OF REACTION CALORIMETRIC METHODS 


The mean value, AH, = —133-1 kcal/mole, is subject to experimental 
error limits of ca. +2 kcal/mole, but the overall error limits may be larger 
than this in view of the assumptions made regarding the reaction which 
occurs. From the mean AH, value, we may derive AH?(B(C,H,;)3¢,)) 
—114-7 kcal/mole, assuming the values AH?(B,Hg¢¢)) 7:5 kcal/mole 
(Wagman, Munson, Evans, and Prosen!'), and AH?(C,H,.q.)) = —17-28 
kcal/mole (Camin and Rossini!?). 


Oct-1l-ene, Oct-2-ene, Cyclohexene 

The experiments on the octenes and cyclohexene have been less thorough 
than those on hex-l-ene, and we shall not present detailed results. In the 
case of oct-l-ene, the mean value of AHops ~136-6 kcal/mole was 
almost the same as that obtained with hex-l-ene, and, corrected for the 
solution heats, gave AH, = —132-6 kcal/mole. The heat of reaction for 
oct-2-ene (a mixture of cis- and trans-isomers) was markedly less than that 
for oct-l-ene: we obtained AHons, ~ 123 kcal/mole, and AH, ~ —118-5 
kcal/mole. In the case of cyclohexene some precipitation of tricyclohexy] 
boron from diglyme solution occurred during the runs, and there was also 
some evidence of incomplete hydroboration. It seemed clear, however, 
that the heat of reaction with cyclohexene is much less (by ~20 kcal/mole) 
than with hex-l-ene. 


DISCUSSION 


From heat of combustion studies, Prosen and Johnson™ have derived 
AH? 83-9 kcal/mole for boron tributyl (liq.), and Haseley, Garrett 
and Sisler™ reported AH; 75 + 6 kcal/mole for boron tri-sec-butyl. 
From these data, in conjunction with the available values": AH?(B,Hg,¢ )) 

kcal/mole, AH?(but-l-eneq)) —5-09 kcal/mole, AH? (cis-but- 
2-ene,q )) —7-12 kcal/mole, and )) 7:97 kcal 
mole, we may calculate the heats of the following reactions, which corres- 
pond to reaction (ii): 


+ 6 But-l-eneq) 2 B(n-Bu),q.) AHeaic —144-8 
kcal/mole 

+ 6 cis-But-2-eneq ) — 2 B(sec-Bu) AH cate. —114-8 
(+12) kcal/mole 

+ 6 trans-But-2-eneq,) 2 B(sec-Bu),q.) AH cate. — 109-7 
(+12) kcal/mole 


In comparison, the value we have obtained for AH, with hex-l-ene and 
oct-l-ene is ca. 10 kcal/mole smaller than that calculated for reaction with 


but-l-ene; on the other hand, our value for AH, with oct-2-ene is ca. 10 
kcal/mole larger than that calculated for reaction with but-2-ene. In the 
latter case, the difference is covered by the large error limits attached to 
the combustion heat measurements of Haseley et al.“. The discrepancy 
in the former case is not easily accounted for at this stage, but both our own 
measurements and those of Prosen and Johnson" are preliminary in charac- 
ter. and may be subject to revision later. 


23 


; 
id 
ee 
7 
= 
: 
hy 


H. A. SKINNER, J. E. BENNETT 
Note added in proof 


\ more complete account of the hydroboration studies will appear in 
m. Soc. in 1961. The final results differ somewhat from those given here, 


in that corrections for the heats of solution of products have been 
accurately measured 


AND J. B. PEDLEY 


References 
L. HI London) A, 241, 587 (1949 
H ‘ ada “ al papers since 1954 
52 
m0 (1956 
853 (1958 
ndon) A, 195, 500 


1949 
1019 (1950), 


ef 


tasied references 


Technok 


ma 
more 
— 
Can Hart H. A. Skinner Trans. Faraday Su 45.11% i= 
" 
Ma H. ©. Pritchard and H. A. Sk Trans. Faraday Soc. 4 
47 Trans. Farad by H. A. Skinner af 
5S. A. Rey. Inst. Chem. Monographs, No. 3 (1958) for dcr 
"H.C! Gintus. J. Am. Chem. Soc, 78. 53 
ns F. Y. Peres Net. Bur. Standard Report No 
, 
i ae R. W. H. Evans and |. Prosen Vet. Bur. Standards 
LP HY k n Re 
‘EA. Ha \. B. Garrett and H. H. J. Phys. Chem., 1136 (19% 
\merican | Institute Research Project 4: Carnegic Institute [7 ; 
an 
.4 
= 


A PLASTIC CAPSULE TECHNIQUE FOR THE 
COMBUSTION CALORIMETRY OF VOLATILE 
OR CHEMICALLY REACTIVE COMPOUNDS: 
THE HEAT OF COMBUSTION OF POLYTHENE 
H. and R. G. 
Department of Chemistry, The Queen's University, Belfast, UK. 
INTRODUCTION 


A considerable number of compounds of current thermochemical interest 
are either volatile or chemically reactive or both. The precise calorimetry 
of such compounds is fraught with difficult technical problems. This is 
specially so for combustion heat studies in a bomb calorimeter. Here it 


MACKLE MAyRICK 


is of vital importance: 


a) to prevent chemical change or contamination of the pure sample 


at any time prior to ignition; 
b) to prevent evaporation of the sample during the weighing process 


or thereafter: 
c) to ensure, in so far as may be compatible with (a) and (b), that the 
conditions for complete combustion of the sample are optimum. 


There have been several approaches to these problems, but the most 


efficacious and widely used has been to introduce the substance (usually a 


liquid) into glass ampoules of suitable size and then to seal these'~®. Such 


sealed ampoules completely satisfy conditions (a) and (b) above, but they have 
a number of disadvantages. The technique of manufacturing and filling 
them requires considerable skill, and, even at best, is a hit-and-miss affair. 


They have to be strong enough to withstand the pressure (30-40 atm) 


of oxygen in the bomb without bursting and yet not so strong that they 
fail to break on ignition of the auxiliary burning substance. In general, 
they fail to satisfy condition (c) in that the risk of explosion and incomplete 
combustion is fairly high*-®. An ingenious way of minimizing these 
latter difficulties is due to Thompson*. Again, sealing of the ampoules 
is a very delicate operation since it is liable to cause a certain amount of 
decomposition of the sample. Finally, there is always the danger that the 
melting glass may occlude some intermediate products of the combustion, 


though apparently this does not in general occur to any significant extent®. 

The above considerations have led us to search for a straightforward and 
reliable alternative to the glass ampoule technique, and we believe we have 
found such in the following simple method for making closed polythene 


capsules of any desired size or shape. 


EXPERIMENTAL PROCEDURE 


The raw material for the method is polythene (Imperial Chemical 
Industries, Ltd “Alkathene "’) sheet 0-2 mm thick. This is heat-softened 
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and vacuum-formed round suitable brass moulds with the aid of the set- 
up illustrated in Figure J(a). <A is a cylindric al vacuum box fitted with a 


flange B. It is made of hard-drawn brass | mm thick. C is the brass 
platform carrying the nine moulds. It is a sliding-fit for A and is shown in 
plan in (d). The moulds. D. fit snugly into | cm-diameter grooves in the 
platform, as indicated. Under each mould is a 0-5 em-diametet perfora- 
tion. The polythene sheet E is « lamped as a diaphragm on top of A with 
the aid of a flat ring F and four wing-nuts, two of which are shown at G. 
H is a piece of pressure tubing and I a glass tap. J is a 250 W heating 
element. We actually use an Osram infra-red lamp (I.R.R. 48 P.F.). 
It is mounted to swivel in the horizontal plane so that it may be swung 
quickly over and away from the polythene. 

The procedure is as follows. 

When all is ready the tap I is closed and the pump started. J] is then 
switched on and swung into position about 3 cm directly above the dia- 


phragm. Owing to the expansion of the air in the box the polythene 
swells up slightly as it is heated. This is indicated by the dotted line in 
Figure I(a) and is an important feature of the method. Without this 
slight pressure build-up the softening polythene would sag down and foul 


the moulds before it is quite ready for vacuum-lforming. The correct 
moment for removing the heat and applying the vacuum by opening tap I 
can be gauged easily by the eye: it is the moment at which the polythene 
has become quite transparent. On application of the vacuum, the poly- 
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CAPSULE TECHNIQUE FOR THE COMBUSTION OF POLYTHENE 
thene quickly “ forms” round the moulds as shown by the dotted line. 
The moulded sheet is then removed and the capsules cut out with a cork- 
borer of suitable diameter (1-5 cm). Polythene lids are heat-sealed on the 
capsules by applying a soldering iron K via a “ Fluon ”-coated glass cloth 
L, as indicated in Figure 1(b). 

The simplest method of charging the capsules with liquids is to use a 
hypodermic syringe. A small puncture is first made in the lid and the 
liquid injected through a second puncture. These punctures may then be 
sealed with a drop of molten polythene from a flaming piece of welding rod. 
It is quite easy with practice to seal the punctures with a mass of molten 
polythene that is small and reproducible within narrow limits. Its contri- 
bution to the heat output can thus be estimated reliably. For compounds 
which are susceptible to attack by atmospheric vapours or light, the above 
operations may be performed readily in an inert atmosphere, such as dry 
nitrogen, in a dark room. The capsules may be charged with volatile or 
reactive solids with the aid of the apparatus shown in Figure I(c). The 
capsule, M, without its lid, is placed in the brass container, N, as shown. 
The system is swept out with dry nitrogen via the two inlets, O. A suitable 
quantity of the solid sample is then transferred to M, the nitrogen counter- 
current being maintained the while. Finally, the lid is dropped into place 
and heat-sealed to the capsule as before. 

The successful application of the present technique demands a precise 
knowledge of the heat of combustion of polythene. We have determined 
this under standard conditions with the apparatus described in an earlier 
paper’. The results are given in Table J (1 cal = 4-1840 abs. joules). 


Table 1. Heat of combustion of polythene 


Vacuum weight Polythene 
of polythene (g)| Total (cal) 1.C.* (cal) B.A.* (cal) (cal) (kcal/g) 


0-066484 3145-84 15-91 — 2423-47 
0-092032 3460-87 16-44 — 2455-00 
0-077026 3244-82 15-56 — 2404-89 
0-065572 3105-87 15-83 — 2393-70 


*LC isothermal correction. 
+ B.A contribution to the total heat of the benzoic acid used as an auxiliary burning substance. 


DISCUSSION 


The present technique has obvious advantages over those involving glass, 
including even some of the most recent and elegant® *.*. Among these 
advantages are the following: 

|) A large number of capsules almost identical in size, shape and weight 
can be made in a short space of time and without the need for any special 
skill. 

2) The size and shape of the capsules can be varied readily by changing 
the moulds, 
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3) The capsules never burst before ignition as they are more than strong 
enough to withstand the pressure in the bomb. 

+) They are readily combustible and thus serve the purpose of an auxil- 
iary burning substance, although they do not invariably eliminate the need 
for the latter. 


3) The fuse wires can be fixed at the neck of the capsules so that they have 


prolonged burning contact with the sample. The conditions for complete 
combustion are thereby enhanced. 

6) Polythene is resistant to attack by most chemicals at ordinary tem- 
peratures. The need, except in very special circumstances, for such as quartz 
ampoules'® is thereby removed. 


We thank Mr M. A, H. Lanyon, 1.C.1. Ltd (Plastics Division Sor valuable 
i on the vacuum-forming procedure. R.G.M. is grateful to the Ministry of 
\.1., for a Research Maintenance Grant. 
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AN ADIABATIC CALORIMETER FOR 
MEASURING HEATS OF VAPORIZATION 
AT 25°C 


INGEMAR Waps6 


Thermochemistry Laboratory, University of Lund, Sweden 


APPARATUS 


The construction of the calorimeter is shown in Figure ]. The calorimeter 
body consists of five gold-plated brass discs (A-E). The substance to be 
vaporized is applied to a glass fibre wick (F) lying in the cavity between 
discs Band C. The wick is kept in a spiral form by means of a gold spiral 
(G). Through a gold tube (H) a slow stream of argon is forced over the 
wick. The heat loss accompanying the vaporization is compensated by 
electrical energy generated in the heating element (I), which is a spiralized 
manganin wire, lacquered and nylon-spun (40 2 resistance) lying in a 
spiral grove in disc D. An air gap between disc D and the bottom 
disc E prevents overheating of the bottom surface. Discs A and B are 
fastened to C by means of four screws, 


Section of the 
calorimeter 


Scale 2:1 


Figure 1 


The saturated gas flows through the spiral in disc A so that the gas has 
attained the temperature of the calorimeter when it reaches the outlet 
tube. In the horizontal boring in disc C there is a thermistor (J) (Stanthel 
U2361/20, 20000) sealed in a 0-8 mm thin-walled glass tube. The 
electrical connections to heater and thermistor consist of 0-4 mm platinum 
wires dipping into mercury cups. To prevent substance leakage a silicon 
rubber gasket (K) is introduced between discs B and C, 
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The calorimeter is placed on three polystyrene pegs inside a chromium- 
plated brass can fitted with a lid. The can is placed in a bigger brass 
vessel which is immersed in a water thermostat. The space between the 
two cans is filled up by copper chips. The water thermostat is kept at 
25-00°C. The argon is thermostatted by allowing the gas to flow through 
a spiral-wound copper tube outside the outer calorimeter vessel. 

The temperature of the calorimeter is observed by means of the thermistor 
forming one of the arms in a conventional d.c. bridge circuit. A Sullivan 
spot galvanometer (T 2001/D) with sensitivity 0-005 »A/mm was used as 
a zero-point instrument. The sensitivity corresponds to a temperature 
change of 0-0002°C, equivalent to a change in energy of 0-002 cal. 


PROCEDURE 


The calorimeter was charged with ca. 200 mg of the substance studied 
and weighed to the nearest 0-01 mg. In dealing with substances exerting 
high vapour pressures a small evaporation was observed. However, this 
was shown to be reasonably constant and was not affected by temperature 
variations of |1-C. The calorimeter was placed in the thermostat and the 
temperature of the calorimeter was adjusted to that of the thermostat. 
Ihe system was then allowed to equilibrate for ca. 15 min before the 
vaporization was started. The gas flow (ca. 15 ml’min) was adjusted and 
ke pt constant by a reduc ing valve and capillary tubes. 

The heat loss was compensated by an intermittent addition of electrical 
energy in such a way that the net heat exchange with the surroundings 
was kept as close to zero as possible. The current was taken from a storage 
battery (6 V, 133 Ah) and was passed through a dummy heater of the 
same resistance as the calorimeter heater for about half an hour before 
each run. The amount of electrical energy supplied was calculated from 
values of the resistance of the heater, the current and the time. The 
current was determined by measuring the potential drop over a standard 
resistance in series with the heater. 

The gas flow was cut off when, at most. 75 per cent of the substance had 
been vaporized, thus ensuring that no heat effects due to differences in 
adsorption were present. The amount of substance vaporized was de- 
termined by re-weighing the calorimeter. Small corrections (1 per cent or 
less) were applied for the amount of substance lost by evaporation during 
the fore and after periods of the experiment. 


Note added in proof 


The calorimeter described here has been further developed and is reported 
in Acta Chem. Scand. 14, 566 (1960). 
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ETUDE MICROCALORIMETRIQUE DE LA 
CHALEUR D’ENOLISATION DE £-DICETONES 


B, JAKuszewski et M. LaZniewski 


Laboratoire de Chimie Physique de l’ Université de Lédz, Pologne 


Les recherches concernant la transformation cétone-énol ont été entre- 
prises en 1910-1912 par K. Meyer’, qui a déterminé les constantes d’équi- 
libre cétone-énol d’un grand nombre de cétones a |’état pur et dans divers 
solvants. Meyer, et plus récemment Briegleb et Strohmeier? et Powling 
et, Bernstein® ont obtenu les chaleurs d’énolisation d’aprés le coéfficient 
de température de la constante d’énolisation. S. Sunner* a mesuré au 
calorimétre les chaleurs d’hydrolyse de l’acétate de m-crésyle et de |’acétate 
d’isopropényle et en a déduit la chaleur d’énolisation de l’acétone. Il a 
ainsi obtenu 7,0 kcal/mole. 

On peut calculer la chaleur d’énolisation d’aprés la théorie des caractéris- 
tiques thermochimiques de W. Swietoslawski. En supposant une additivité 
parfaite de |’énergie des liaisons chimiques, on obtient 0,6 kcal/mole. 

La chaleur d’énolisation n’a pas jusqu’ici été mesurée calorimétriquement. 
Nos mesures ont été basées sur le phénoméne bien connu, que la dissolution 
d’une dicétone dans un solvant organique est en général accompagnée 
d’un déplacement d’équilibre céto-énolique, ayant pour résultat une iso- 
mérisation cétone—énol aboutissant 4 un nouvel état d’équilibre, caractéris- 
tique pour ce solvant. On pouvait donc prévoir que la dissolution d’une 
dicétone dans un solvant approprié serait suivie d’un processus thermique, 
qu’on pourrait étudier calorimétriquement. 


PRINCIPES DE LA METHODE DE MESURES 


C’est la microcalorimétrie dynamique sous sa forme récemment proposée 
par l’un de nous (M. Lazniewski) qui nous a semblé la mieux adaptée 
pour ces recherches*. Voici en abrégé les principes de cette méthode. 

Le calorimétre, enclos dans une enceinte isothermique, est supposé 
échanger la chaleur avec |l’ambiance suivant la loi de Newton 


df(t) 
dt 


= — Bf (t) 


ou f(t) signifie l’écart de température entre le calorimétre et les parois 
isothermiques et 8 est une constante caractérisant les conditions de |’échange 
thermique. Lorsque le calorimétre est le siége d’un processus thermique, 


* La microcalorimétrie dynamique a été proposée en 1934 par W. Swi¢toslawski comme 
méthode de mesure de faibles effets thermiques 4 débit constant. Voir Microcalorimetry, 
Chap. IX, Reinhold, New York, 1946, de cet auteur. 
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dont la loi cinétique est donnée par une fonction g(t), la vitesse de l’échange 


thermique peut étre exprimée par |’équation différentielle 


de(t 


dt 


Bf 


En l'intégrant on trouve la loi g(t) de la réaction étudiée: 


J (t)dt + fo + 


La formule obtenue admet deux constantes d’intégration: fo qui signifie 
écart de température entre le calorimétre et l’enceinte au moment initial 


i concerne la réaction étudiée ct se réduit A zéro par la nature 


rr eme 
meme au provicme., 


La formule (2) permet de calculer la loi g(t) A partir de la courbe tem- 
pératur mps du calorimétre et de son intégrale qu'on évalue graphique- 


ment. La fonction g(f) définit la « inétique et l'effet thermique du processus 


TECHNIQUES DE MESURES 


L’installation calorimétrique est montrée en schema sur la Fieure ]. 
g 


Le ca metre est suspendu sur des fils en nylon a l’intérieur d’un ré« ipient 


ermectiquement un couvercle étanche vissé par des boulons. 


tout est mainte 


enu dans un thermostat dont la température est réglée a 


2*( Le calorimétre en verre (Figure 2) est fermé par un bouchon 
un agitateur sur baguette 4 rodage cylindrique. 


a quatre éléments constantan cuivre avec 


n galva etre sensible branché dans le circuit, sert A mesurer les change- 
ments de la température du calorimétre Le montage des tl ermocouples 
est x sur la Figure 2. Leurs soudures paires sont fixées dans des 
enfoncu ux parow du calorimétre. tandis que les soudures impaires 

‘ de petits blocs en aluminium de 2 cm de diamétre, 
q pendcnt rement a cOté du calorimétre. Ces petuts blocs atteignent 


apidement léequilibre avec l’ambiance. Grice A leur inertie thermique, 
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LA CHALEUR D'ENOLISATION DE 8-DICETONES 


les oscillations inévitables de la température du thermostat ne s’y reflétent 
guére, de sorte qu’ils assurent une température de référence parfaitement 
fixe. 


Mesures calorimétriques 


Une ampoule en verre a parois fragiles contenant une dose de la dicétone 
étudiée est fixée A l’extrémité de |’agitateur et immergée dans le calori- 
métre, rempli d’une quantité connue du solvant. Le calorimétre est ensuite 
suspendu A l’intérieur du récipient B, lequel, le couvercle vissé, est placé 
dans le thermostat. Lorsque le calorimétre a atteint l’équilibre thermique 
avec le thermostat, on brise ampoule d’un coup contre le fond du calori- 
métre en mettant en méme temps en marche I’agitateur et le chronométre. 
On agite pendant une demi-minute environ pour homogénéiser le contenu 
du calorimétre. A partir de ce moment on enregistre systématiquement les 
déviations du galvanométre. 

Sur le diagramme de la Figure 3 nous avons reproduit, a titre d’exemple, 
la courbe calorimétrique f(t) obtenue en mesurant la chaleur d’énolisation 
de l’acétylacétate ethylique. 


Asymptote 


Figure 3 


La dissolution de l’acétylacétate ethylique dans le benzéne étant endo- 
thermique, on observe un abaissement rapide de la température du calori- 
métre au moment de la dissolution. Cet abaissement peut étre identifié 
avec fy, car la période de dissolution est négligeable auprés de la durée du 


processus étudié. La température du calorimétre monte progressivement 
par suite de la chaleur dégagée par |’énolisation et, d’autre part, a cause de 
l'échange thermique entre le calorimétre et les parois de B. 


La chaleur dégagée par |’énolisation diminue A mesure que la solution 
s'approche de I'équilibre céto-énolique, et s’annule lorsque celui-ci est 
atteint. C'est 4 partir de ce moment que la courbe f(t), n’étant plus 
perturbée par un effet thermique intrinséque, prend le caractére exponentiel 
en vertu de la loi de Newton. Mise en coordonnées log f (t), temps, cette 
partic de la courbe se transforme en une droite dont la pente permet de 
déterminer, par une construction graphique bien connue, la période ¢, 
de la courbe. Dans Iexemple cité on a trouvé 4, = 55 min et 8 = 0,693 t, 

0,0125 min-", On voit également sur le diagramme la courbe g(t), 
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qu'on a obtenu d’aprés la formule (3). Elle représente la marche du pro- 
cessus étudié. 


RESULTATS DE MESURES 


Acétylacétate éthylique et benzoylacétate éthylique en solution dans 
le benzene 


Les mesures microcalorimétr iques nous ont permis d’établir que la dissolu- 
tion de ces deux dicétones dans le benzéne était suivie d’un effet exother- 
mique, décroissant suivant une équation cinétique de premier ordre. Le 
diagramme de la Figure 4 représente la courbe d’énolisation de l’acetylacé- 


© log git) 


asymptote g/t) 


T (galv) 


Figure 4 


tate de l’éthyle. En rapportant la courbe g(t) a l'asymptote et en la mettant 
en coordonnées semilogarithmiques on la transforme en une droite qui, 
extrapolée 4 ¢ = 0, fournit la valeur totale de l’accroissement AT di a 
l’effet thermique du processus étudié. On |’exprime en calories a |’aide de 
la formule usuelle g = AAT. Nous attribuons cet effet a la chaleur 
d’énolisation dégagée dans la transformation cétone—énol qui a lieu en 
solution. Il peut étre recalculé pour 1 mole de la cétone isomérisée 


Tableau 1. Chaleur d’énolisation en solution benzénique 


CH,COCH,COOC,H, C,H,COCH,COOC,H, 


Chaleur d’énolisation Q (kcal/mole 1,61 1,60 1,94 1,95 
Temps de demi-réaction t,(min=* 15 15,5 11,6 11,0 


d’aprés les données analytiques concernant sa teneur en énol Aa |’état pur 
et en solution. Le Tableau J contient quelques données, citées A titre 
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d’exemple, d’aprés lesquelles la chaleur d’énolisation de l’acétylacétate 
ethylique est de 1,6 kcal/mole et celle de benzoylacétate 1,95 kcal/mole. 


Acétylacétone en solution dans le benzene et Il’ether acétylacétique 
en solution dans le hexane 


L’étude microcalorimétrique nous a fourni, dans ces deux cas, les 
courbes du débit thermique qui différent de celles mentionnées plus haut. 
Contrairement a celles-ci, elles ne se laissent pas représenter par une 
fonction exponentielle g(t) = G(l1—e-"). On peut cependant les 
décomposer d’une fagon univoque en deux fonctions exponentielles simples, 
g,(t gi(l —e~*) et gp = — e~*™), pour lesquelles g? et g2 sont les 
valeurs asymptotiques dont la somme est la valeur asymptotique de la 
fonction g(t) 


La fonction g(t) peut donc étre mise sous la forme 


g(t) = + — (3) 


Un exemple de la courbe globale avec ses deux composantes est représenté 
par le diagramme de la Figure 5. On voit clairement que les valeurs 


Asymptote g/t) 


Asymptote g; (t) 
Ww < 

9\_Asymptote g>(t) 


0 40 80 120 160 
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Figure 5 


asymptotiques g°, g? et g? s’identifient avec les accroissements de température 
AT, AT, et AT, lesquels remplissent la condition AT = AT, + AT,. 
Multipliés par la capacité thermique du calorimétre et recalculés pour 
une mole de la cétone dissoute ils donnent la totalité du débit thermique 
sous forme d’une somme de deux débits partiels g = u, + uy. 

Nous avons tenté l’expliquation de ces résultats en supposant que dans 
le cas considéré l’énolisation d’une f-dicétone était suivie d’un réarrange- 
ment intramoléculaire de l’énol avec formation de structures chelatées. 
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La courbe globale de I’effet thermique résulterait alors de deux processus 
monomoléculaires consecutifs suivant le schema 


cétone —“t—» énol —“*-» structure chelatée 


ot k, et k, signifient les deux constantes de vitesse. 

Considérons, pour fixer les idées, une mole d’une 8-dicétone dans un 
solvant énolisant. Appelons .V° la quantité de la forme cétonique qui 
s’énolyse sous l’action du solvant et V2 la quantité de la forme énolique 
présente dans le composé pur. D’aprés la théorie des réactions mono- 
moléculaires consécutives on peut immédiatement écrire la formule 
d’énolisation en fonction du temps 


et la formule d’accumulation de la forme chelatée 


En introduisant la notion de la chaleur moléculaire d’énolisation, Q,, 
et de la chaleur moléculaire de chelation. Q,, on trouve le débit thermique 
d’énolisation 


qi\f 


et celui de la chelation 


lun et l'autre en fonction du temps. 

La chaleur dégagée au cours du processus étudié est la somme de ces 
deux effets. Aprés réarrangement, la courbe du débit thermique est 
facilement mise sous la forme 


qui est la somme de deux fonctions exponentielles du temps. 


Ce résultat nous permet d’interpréter les quantités U, et U, qu’on peut 


visiblement identifier avec les valeurs asv mptotiques de fonctions « omposantes 


3). Ona alors 
~1 1 k, 2 2 ky 3 
ce qui permet de calculer les chaleurs moléculaires d’énolisation, O 


et de 
chelation, Q, d’aprés les formules 
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LA CHALEUR D’ENOLISATION DE £-DICETONES 


Quelques résultats de tels calculs se trouvent dans le Tableau 2. 


Tableau 2. Chaleurs d’énolisation et de chelation 


CH,COCH,COCH, | CH,COCH,COOC,H,* 
(solvant C,H,) (solvant C,H,,) 
NY = 0,089 N$ = 0,762 NY = 0,427 N$ = 0,073 


Solvant (g) 461,0 437,5 323,0 325,0 
Cétone (g) 3,6242 5,1482 1,7004 2,6791 
7 AT, (°C) 0,0387 0,0576 0,0590 0,0931 
¥ AT, (°C) 0,0063 0,0135 0,0510 0,0676 
u, (cal/mole) 232 232 913,0 916.8 
v u, (cal/mole) 38 55 785,0 665,8 
k, (min) 0,231 0,198 0,0693 0,0630 
ky (min-*) 0,051 0,080 0,0147 0,0126 
Q, (kcal/mole) 2.63 2,65 2 48 2.42 
a Q, (kcal/mole) 0,04 0,06 1,28 1,10 


* D'aprés les données de Powling et Bernstein la chaleur d’énolisation de l’acétylacétate dans le hexane est 
de 1,60 kcal/mole. 


Les formules (10) tiennent compte de |’équilibre céto-énolique en solution 
par la definition méme de V9, tandis que faute de données nécéssaires 
elles supposent que I’énol est enti¢rement converti en chelat. 


L’ether acetylacétique en solution alcoolique 


En étudiant au microcalorimétre la dissolution de |’ether acétylacétique 
dans l’alcool absolu, nous avons constaté un dégagement de chaleur a 
débit de 575 cal/mole de la cétone, qui décroit suivant une loi exponentielle. 
Attribué a l’énolisation cet effet donnerait 16,9 kcal/mole comme chaleur 
d’énolisation—un résultat visiblement inadmissible. C’est pourquoi nous 
avons supposé que l’effet observé était de nature complexe, analogue a 
celui qu’on observe en solutions d’acétylacétone dans le benzéne et de 
ether acétylacétique dans le hexane. La forme apparement unimolé- 
culaire de la courbe thermique pouvait s’expliquer en supposant, qu’en 
solution alcoolique les deux processus avaient 4 peu prés la méme vitesse. 
Pour vérifier cette hypothése nous avons repris nos experiences dans un 
solvant non énolisant. (Suivant nos mesures, un tel solvant est fourni par 
un mélange alcool—eau a 87 sur cent d’alcool.) Malgré |’élimination de 
l’énolisation nous avons trouvé un débit thermique de 506 cal/mole de 
ether dissout. La difference, 69 cal/mole recalculée pour | mole de la 
cétone énolisée, donne 2,03 kcal/mole comme chaleur d’énolisation. 

L’effet thermique observé dans le solvant non énolisant peut servir a 
calculer l’énergie de la chelation si l’on suppose qu’en solution alcoolique 
la forme énolique de l’ether acetylacétique se convertit enti¢rement en 
chelat. D’aprés la teneur de l’acétylacétate en énol, on trouve 6,9 kcal/mole. 
Tout récemment H. Feilchenfeld® a cité 6,0 kcal comme valeur généralement 
admise pour |’énergie de la liaison d’hydrogéne. 

Considérons encore |’effet thermique que nous désignons comme chaleur 
de chelation. Pour l’ether acétylacétique en solution alcoolique il atteint 
6,9 kcal/mole. II se réduit a 1,2 kcal dans le hexane et est pratiquement 
nul dans le benzéne. Le méme effet en solution benzénique de |’acétyl- 
acétone est a peine de 0,05 kcal. Ces faits témoignent d’une complexité 


37 


| 
| 
: 
ve 
&: 


B. JAKUSZEWSKI ET M. LAZNIEWSKI 


marquée de ce phénoméne, qui probablement est di a l’influence du milieu 

et dont l’interpretation reste encore incertaine dans bien des points. 
Toutefois les données obtenues dans des conditions d’expériences différ- 

entes témoignent en faveur de l"hypothése de deux processus consécutifs. 
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FLUORINE BOMB CALORIMETRY* 


Warp N. Huspparp, Jack L. Serrite and Harotp M. Fever 


Chemical Engineering Division, Argonne National Laboratory, 
Lemont, Illinois, U.S.A. 


INTRODUCTION 


There are many inorganic compounds for which heat of formation 
values have not been measured, often because of the lack of suitable 
experimental methods. Exploratory experiments in this laboratory in 
oxygen bomb and aqueous solution calorimetry on various transition 
metal borides, sulphides and silicides re-emphasized the need for a general 
method for determining the heat of formation of compounds not amenable 
to conventional thermochemical calorimetry. With the aim of developing 
such a method, attention was directed towards the use of fluorine as an 
oxidant in calorimetry. 

The use of fluorine in calorimetry is not a new idea. However, in 
previous work it was used when necessary in the investigation of the heat 
of a particular reaction, rather than as a general tool. 

As early as 1926, Wartenberg and his co-workers used fluorine flow 
calorimetry in some of their studies, synthesizing HF !, F,O? and AgF,? 
in a calorimeter. Wartenberg* has also treated silicon, carbon and silicon 
carbide and more recently, at the National Bureau of Standards, Jessup 
and Armstrong®~? have treated CoF,°, CH, * and NH, ? with fluorine in 
a flow-type calorimeter. P. Gross* has treated titanium and sulphur with 
fluorine in a constant volume glass vessel in a calorimeter. Various 
fluorine-containing compounds have also been made to react with other 
compounds in a calorimeter, ¢.g., NF, with H, *, CrF, with Mg ?°, CrF, 
with CoF, with KOH", CoF, with C,H,(CF,), and H,*, K with 
CF,!* and CIF, with NaCl. 

In solution calorimetry the use of aqueous hydrofluoric acid as the 
solvent is well documented. The use of BrF, as a non-aqueous solvent in 
solution calorimetry has been suggested by Woolf*-1®, Woolf?® also sugges- 
ted the possibility of fluorine bomb calorimetry, but expressed a preference 
for BrF, solution calorimetry. 

It was decided in this laboratory to develop fluorine bomb calorimetry 
as a general tool for studying compounds not easily studied with con- 
ventional calorimetric methods. Information on the chemistry of bromine 
trifluoride and fluorine reactions indicates that the reactions in fluorine 
bomb calorimetry appear to be more easily characterized and adapted to 
calorimetric study than the reactions in bromine trifluoride solution 
calorimetry. 


* Work performed under the auspices of the U.S. Atomic Energy Commission. 
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CONSTRUCTION MATERIALS AND SAFETY FEATURES 


Although fluorine is recognized as a verv dangerous material, it can be 


handled without undue hazards if proper materials of construction are 
used and reasonable safety precautions are taken. 

Nickel and Monel are by far the best general-purpose materials to use 
in the construction of apparatus for handling fluorine. However. where use 
of nickel and Monel is not possible, « opper, brass, stainless steel or aluminium 
may be substituted. For gaskets, aluminium. tin. copper or lead may be 
used. For valve packing or gasketting, poly (tetrafluoroethylene Teflon 


may be used, if well protected 


Lines and components permanently joined should be welded. Silver 


solder may be used on temporary apparatus or where its use is unavoidable. 
For permanent joints, where welding is impossible, threaded or flanged 
pipe fittings ould be used For frequently disconnected joints standard 
flare lerrule-type tubing fittings may be used. 

Various commercially available valves have been tried in the fluorine 
bor aiorimetric work and found to be satisfactory. All of them had 
Monel bodies and nickel stems. For hicher pressures valves packed with 

tetrafl ethvlene were empl ved For lower pressures up to 

0) mn i diaphragm type of valve was used in which the diaphragm 

sealed with an aluminium gasket Another type of valve used where 

¢ t r space was limited and brass and silver solder co ild be tolerated 
ss a small packless Monel valve with a nickel stem and brass bellows 
eo hew valves were pecially made These valves except for the 


and were pac ked with a 


gauges used were all Bourdon tube gauges with welded 


Phe resistance of nickel and the other metals of construction to fluorine 
depends upon the formation of a protective fluornde film. Before any 
c pment, lines or Components were put into service they were thoroughly 
cleansed of foreign matter and prefluorinated cautiously until conditions 

cre reached under which the system was to be operated Prefluorination 
of the interio: riaces of the bomb was carried out under in¢ reasingly 
severe nditions until the bomb containing fluorine was held at 200°C 
lor ter ' \ very adherent and coherent protective him of nickel 
| le was thu pr a ed, sufficient to prevent significant further reaction 


An important precaution which has become standard practice in our 


‘boratory is to expose the prefluorinated bomb only to dry atmospheres. 
1} cone t handing the pen bomb only in a drv box In this way 
adsorpt i momusture by the bomb or its contents is avoided 
The precautions were used during bomb charging and 
discharging peration Valves were operated by manually activated 
exter ns passing through a 0-25 in plastic or safety glass barricade. 
[he entire apparatus was enclosed in a well-ve ntilated hood The high 
pressure fluorine supply tank and bomb charging system were enclosed 
ul 25 in ieci | late lo facilitate smoother and less hazardous reduc thon 
of pressure double valves and a ballast tank were employed. 


, 
Monel 
i 
on 
: 


FLUORINE BOMB CALORIMETRY 


While manipulating the equipment the operator always wore a leather 
coat, leather gloves and a face shield. 

After the bomb is placed in the calorimeter a hazard may arise from 
possible leakage of fluorine into the surrounding water bath. Experiments 
were carried out with deliberate leaks of up to 500 cm*/min through a 
small hole, which showed that the reaction occurred without sufficient 
violence to present a hazard to the operator. 


THE BOMB AND FLUORINE HANDLING APPARATUS 


The bomb used for the calorimetric experiments is dimensionally identical 
with the bombs used in this laboratory for oxygen bomb calorimetry’. 
The body and cap of the bomb are fabricated of pure nickel and are sealed 
with a 0-06 in.-thick soft aluminium gasket. The valve housings of the 
bomb are made of nickel and screwed into the bomb cap, the seal being 
effected with a lead gasket. The stem of the valve is made of K-Monel 
and sealed with a washer of poly(tetrafluoroethylene). 

lo contain the sample in the bomb before and during the combustion 
reaction is one of the more formidable problems of fluorine bomb calori- 
metry. Various arrangements of sample supports and electrodes within 
the bomb have been employed. 

The samples to be studied can be classified according to the type of 
container or support that is required as follows: 


(1) those that do not undergo significant spontaneous reaction with 
fluorine and can be fabricated into a shape that can be suspended 
in the bomb: 

2) those that do not undergo significant spontaneous reaction but require 
a support such as a crucible; 

3) those that react spontaneously with fluorine and require isolation 
from the fluorine before the main period. 


The easiest substances to handle are those of the first class, in which 
the sample is in the form of a wire or sheet suspended in the bomb. For 
combustions of molybdenum, an example of this type, the sample was 
0-005 in. thick sheet and was suspended from an insulated rod by a short 
length of molybdenum wire 0-005 in. in diameter. Two nickel electrodes 
were also provided between which was attached a molybdenum ignition 
wire which had been threaded through holes at the bottom of the sample. 
Other experiments were carried out in which the sample was in the form 
ola suspended coiled wire. 

Samples of the second class require a crucible or disc support. For 
these samples the most promising technique that has been tried is a nickel 
crucible lined with a stable fluoride, preferably the fluoride of the metal 
involved in the reaction. Nickel crucibles are attacked in combustions of 
many substances, but may be useful for a limited number of reactions. 

Samples of the third class require isolation of the sample from fluorine 
before intentional ignition. One technique for this, on which some 
experimentation has been done, is the enclosing of the sample in a thin 
weighed metal foil of cadmium, indium, lead, tin or zinc. The foil is 
sealed by cither welding or crimping. Another possible technique is the 
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use of quartz ampoules in much the same way as they are used for various 
organk compounds 

With whatever sample support method is used, ignition of the sample is 
accomplished by the passage of an electric current through an ignition wire 
close to or touching the sample. When metal fluorinations are being 
studied the same metal is generally used for the ignition wire. Because 
of the reactivity of fluorine most ignition wires, regardless of the metal 
used, will ignite and break the circuit. ( onsequently, a current integrating 
device, similar to that described by Pilcher and Sutton". is used to measure 
the ignition energy 

The bomb charging equipment consists of a fluorine supply tank, a 
sodium fluoride trap to remove traces of hydrogen fluoride, a ballast tank, 
and appropriate valves, gauges, and lines with connections to the bomb, 
an inert gas supply and a vacuum system. The sodium fluoride trap is 
easily regenerated by heating in situ at 250-300°C while purging with dry 
nitrogen. 

Ihe bomb discharging equipment consists of a series of cold traps with 
appropriate connections to the bomb, a Booth—Cromer pressure gauge'®, 
an infra-red spectrum cell, an inert-gas supply, and the vacuum system. 
The vacuun pump is protected from fluorine by a large, dry soda-lime 
trap Ihe cold traps are provided to permit trap-to-trap distillation of 
the product gases to aid in their identification by vapour pressure measure- 
ments or by spectral analysis The infra-red cells were made of nic kel 
with windows of barium fluoride, calcium fluoride. silver chloride, or 


polyethylene. 


THE CALORIMETER AND ITS CALIBRATION 


A bomb calorimetric system similar to that described by Hubbard, 
Katz and Waddington’? was employed, the calorimetric observations 
being taken in the usual manner. The calibration of the system was 
carried out by combustions of benzoic acid in the bomb according to 
standard practice. However, since the electrodes. sample supports and 
other internal fixtures are different in the calibration and combustion 
experiments, the “ contents of the bomb ” for which heat capacity correc- 


tions are made include all such internal components, 


Fluorine 


Three grades of fluorine have been used in our work: 
1) a high-purity (99-99-5 per cent) commercial grade, no longer 
available: 


~ 


<) commercially available fluorine of modest purity (97-5-98-5 per 
cent); and 

3) fluorine fractionated at liquid nitrogen temperatures, of which the 

best fraction has an impurity content of less than 0-1 per cent. 


EXPERIMENTAL PROCEDURE 


The experimental procedure used in carrying out an experiment in 
fluorine bomb calorimetry involves very little that has not been either 
inferred or discussed previously. After the sample is placed in the bomb 
in one of the various sample-support arrangements, the bomb is closed, 
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connected to the charging apparatus and evacuated. Fluorine from the 
storage tank is allowed to enter the ballast tank until a pressure somewhat 
greater than the desired charging pressure is reached. The valves to the 
storage tank are then closed, the bomb charged to pressure, the connecting 
lines are broken, and the bomb is placed in the calorimeter where the 


calorimetric measurements are carried out in the usual manner. 


After the experiment the bomb is connected to the discharging apparatus 


and, from this point on, the procedure varies with the particular reaction 


carried out and the analytical tests necessary. For gaseous reaction products 


tests are carried out in the apparatus previously discussed. For solid 
reaction products the usual identification by X-ray diffraction techniques 
and chemical analyses may be carried out on the bomb residue. 

The standard state corrections are made according to the procedure 
of Hubbard, Scott and Waddington®*. However, the calculations are far 


less complicated for combustions in fluorine since no water is added to 
the bomb. The equation of state*’, PV RT 0-0196 P |. atm., applies 
for fluorine at 25°C is —1-78 cal mole 


to fluorine gas; 


CONCLUSION 
The fluorine bomb calorimetric techniques which have been presented 
in this paper were developed from many exploratory experiments with 


approximately 25 metallic or metalloid elements and 15 inorganic com- 
pounds representing their combinations. The reactions of three-quarters 
of these substances with fluorine immediately appeared to be suitable for 
calorimetric study, being rapid, complete, and well defined. With the 
remaining substances the reactions, under the conditions used in these 
brief explorations, were not self-sustaining or led to a mixture of products. 

Although fluorine bomb calorimetry is still in its infancy and many of 
the techniques used have yet to stand the test of time, it can be concluded 
with confidence that (1) fluorine bomb calorimetry can be carried out 
without undue hazard to the investigator; (2) suitable materials of 
construction can be found for the bomb and auxiliary apparatus, and 
(3) fluorine bomb calorimetry will be very useful in the determination of 
heats of formation of many fluorides, practically the entire measured 
energy being due to the heat of formation of the compound. 

It is quite apparent that the formation of fluorides by the fluorine bomb 
combustion of many elements and inorganic compounds will rapidly become 
a useful tool for thermochemical studies of modern calorimetric precision. 
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COMBUSTION CALORIMETRY OF ORGANIC 
BROMINE COMPOUNDS: THE ACCURACY OF 
DATA OBTAINED WITH A MOVING-BOMB 
TECHNIQUE 


Lars BjJELLERUP 
Department of Organic Chemistry, University of Lund, 
Lund, Sweden 


A moving-bomb calorimetric method for measuring heats of combustion 
at 25°C of solid and liquid organic bromine compounds has recently been 
developed'. The calorimetric system is calibrated by combustion of 
standard benzoic acid under certified bomb-calibrating conditions. In 
order to obtain well-defined equilibrium final states in the bomb in 
combustion experiments with bromine compounds, however, the bomb 
liquid must differ both in nature and amount from that specified for 
calibration experiments with benzoic acid. Thus, 3 g of water per litre 
of bomb volume are used in the calibration experiments, whereas 112 g of 
0-06 m arsenious oxide solution per litre of bomb volume are used in the 
combustion experiments with bromine compounds. Calibration experi- 
ments with benzoic acid and combustion experiments, with paraffin oil 
and with p-bromobenzoic acid have all given results of a precision slightly 
better than 0-01 per cent. ‘This demonstrates that the various additional 
complications introduced into the procedure by the presence of a reasonable 
percentage of bromine in the sample do not affect the precision obtainable 
with the given apparatus and procedure. Although the precision of the 
method has thus been found to be satisfactorily high, the difference in 
conditions of combustion and calibration experiments may give rise to 
non-cancelling systematic errors. Therefore the accuracy of the heat of 
combustion data obtained has to be investigated. Since the principal use 
for heat of combustion data is to derive corresponding heats of formation, 
a suitable approach would be to compare, for certain selected bromine 
compounds, heats of formation calculated both from heat of combustion 
data and from calorimetric data on heats of reactions other than combustion. 
Such a comparison has been made and the results will be briefly reported 
here. 


HEAT OF COMBUSTION DATA 


Samples of the compounds listed in Table ] were carefully purified. The 
products obtained were found to have the density and refractive indices 
given in the same table. From heat of combustion experiments with the 
pure samples the standard heats of combustion at 25°C given in Table 2 
were obtained. In the same table are also listed heat of vaporization 
data calculated from published information?~, 
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Table 1. Density and refractive indices for the samples used in the heat of combustion 
experiments 


d np 
g/ml 


Compound 


hnbromobutane« 
1,.2-Dibromocyclohexane 


rhe heats of combustion and vaporization at 25°C 


AH, 


kcal/mole) * 


AHy (kcal/mole)t 


0-54 10-80 0-20 


1 ,2-Dibromocyclohexane 867-45 0-60 

1-Bromopropane 491-50 0-34 7°75 0-20 
} prot $7 0-42 7 


ndard deviation 


ver-all Sta 
The values give refer t process C,H» Br Bray), at saturation pressure 


COMPARISON OF HEAT OF FORMATION DATA FROM 
DIFFERENT METHODS 


The standard heats of formation calculated from the heat of combustion 


e 3 with heats of formation calculated 
from heat of reaction data for the following reactions: addition of bromine 


data of Table 2 are compared in Tab. 


to but-l-ene®-* and to cyclohexene*; addition of hydrogen bromide to 


Table 3. 


Comparison of heats of formation from several methods 


Standard heat of formation at 25°C (kcal/mole 


Substance - — 
From heat of From other 
mbustion heat of Difference 
data reaction data ; 
1,2-Dibromobutane (g¢ 24-54 0-58 22-47 0-444 2-07 0-70 
21-58 0-63» 2-96 0-78h 
1,2-Dibromocyclohexane liq 8-46 0-60 40-15 0-46 1-69 0-76 
1-Bromopropane (g 22-02 + 0-40 21-77 + 0-344 0-25 + 0-52 
3 
2-Bromopropane u 23-60 0-46 24-07 0-24! 
2-Bromobutane (g 28-69 0-40 28°55 0-308 0-14 0-50 


62 


he value given is the mean of the three 
alues ated from the heats of frobror tion of the three diffe 


This ur erta ty 6 lower U 


ned uncertainties of the two heats of formation given in the preceding 
heat of vaporization of |,2-dibromobutane cancels in the difference. 


= 
25°¢ 20°C 25°C 
11-7903 1-7833 1-5529 1 -5506 
1-B propan 1 -3550 1 -3465 1-4346 1 -4320 
2-Bromopropan 1-3142 1-3055 1-4255 1-4226 
2-Bromobutan 1.2607 1-2533 1-4370 1-4345 
| Table 2S 
= i 
2-B a 646-50 0-30 8-45 0-25 
at 25 
: 
* Fron but ene (g bromine > 1.2-dibror butane (¢ 
: ame CCl, 1.2-dibr Butane (in CC! 
colum ‘ 1 ainty in the 
4 +6 
| 
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cyclopropane’, propene’-®, but-l-ene®, cis-but-2-ene®, and trans-but-2-ene’®, 
respectively; hydrogenation of 1-bromopropane to propane!®, 

It is seen from Table 3 that for 1,2-dibromobutane and 1,2-dibromocyclo- 
hexane the differences in the heats of formation obtained from different 
methods are significantly greater than the estimated uncertainties of the 
differences. It is to be noted that for the two comparisons with results 
from the work of Lister, the differences obtained are of opposite sign. 

The accord of the heats of formation calculated from heat of combustion 
data with the heats of formation calculated from heats of reaction given by 
Lacher and co-workers is very good. 


Note added in proof 


A full account of this work will be presented in: L. Bjellerup. Acta Chem. 
Scand., 15 (1961), in press. 
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THE HEAT OF DISSOCIATION OF NITROGEN 


Gro. GLOCKLER 
Department of Chemistry, Duke University, Durham, N.C., U.S.A. 


The heat of dissociation of nitrogen has been studied many times and 
the latest values are shown in Table J]. The three experimental methods 
give somewhat discordant results. By methods I, II and IV, D(N, 
9-765 eV.* Method I does not eliminate D(N, 7-373 eV. D(N, 
11-8 eV by methods III and IV. D(CN 8-2 and 8-5 eV respectively 
by methods II and III, while method IV gives a lower result. It is evident 
that D(N, 9-765 eV is the most likely value, 

However, a higher value D(N, 11-8 eV, was suggested on the basis 


of the following comparisons. The internuclear distance (R,) and the 
lorce constants (A,) of the structures MH,(M C, N, O, F; x 1 to 4 
were plotted against the number of H atoms, giving plots of great regularity 
Figure 1, Table 3). The basic sequence is C, N, O, F. It should be noted 


E 


CH CH 
ICH 
CH v 
25} 


Force constant, k, 


Number of hydrogen atoms 


Figure 


that every point must lie on two crossing curves and on the vertical lines 


of a given number of hydrogen atoms, in order to produce these networks. 
It was expected that bond energies would behave similarly (Figure 2). 
However, with’? L(C 170-4 keal and the likely D(N, 9-765 kcal, 
the sequence is N, C, O, F. This change seemed rather unexpected since 


bond energies are known to behave in a regular manner with internucleat 


* Symbols are defined at the end of the paper. 
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THE HEAT OF DISSOCIATION OF NITROGEN 


H,0 \HF 
134 O(N,)=280 kcal $ 134 O(N 2)=225 kcal 
25°C 


R (XH) 


Figure 4 


distances. An increase in D(N,) would raise all B(NH) values. D N, 

11-8 eV was suggested because the term values of N, and CO stand in 
the ratio* | : 1-066. Another possible value is D(N, 12-14 eV since 
a pre-dissociation exists in the nitrogen energy level system at 97944 cm-}. 
If this level is connected with the dissocation process, then lower levels 


must be perturbations. A lower value (D N, 265 kcal) was also 
studied, since then the NH curve would still lie above the CH curve. The 
comparison of these D(N,) values is shown in Table 2. 


8(XH) actual 


8(XH) actual and linear 


110 130 6 8 
Do linear kcal Atomic number 


Figure 5 
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Table 2. Comparison of D(N,) values 


Re ference 


D(N,) (keal 


D(NC—CN) (keal 


1 88-8 


188-0 
94-0 


| 


6 
265 0 
141-5 


73-6 
340-7 
265-0 
532°1 
141-5 
390-6 
195-3 


265-0 


340-7 
390-6 


215-1 


107-6 


280-0 
141-5 


736 
340-7 


280-0 


202 -8 
280-0 
340-7 
105-6 


215:1 


Bond energies, distances and force constants of 
4 Lie 171-7; D(H, 104-2; 
DIN, 225 or 280 kcal 


BCH 
\ 


1-093 


265 kcal 


225 kcal 


980 


104-0 
105-7 


90-0 


99 


104-1 


Mdyn/cn 
0-539 
0-470 

$50 


$45 


; 
gr > N, oN; g) 736 73-6 
2N — N, 25-0 225 
C —> 2CN 114-4 141-5 141-5 
2N 2CN pe; 350-6 405-6 
( N— CN 175-3 
> 
Nag) 2N 225-0 225-0 
2Cigr, —> 340-7 340-7 
a( gr N, ~2JCN 915-1 | 
Cigr CN 107-6 = 107-6 
Table 3 MH)x; M=C, N 
« 118-3: DIF, 37-6: 
kcal kcal 
CH, 99-5 398-0 
101-6 
CH 
CH 113-0 
80-0 
398-0 
NH, 1-023 97-9 195-7 0-615 
ag NH 1-048 90-0 90-0 0-600 
NH, 1-106 93-5 280-5 0-717 
NH, 1-025 88-2 176-4 0-615 
) 
NH 1-048 77-0 7-0 0-600 
77-0 
H,O 0-957 110-6 221-2 0-843 
120-0 
OH 101-2 101-2 0-779 
91-2 
<b 135-0 135-0 0-966 


THE HEAT OF DISSOCIATION OF NITROGEN 


From appearance potentials D(NC—CN) = 6-9 eV uncorrected for the 
kinetic energy of the products’. The correction® is 0-57 eV and gives 
D(NC—CN) = 6:3 eV or 145 kcal, in good agreement with the results of 
shock-tube experiments (141-5 kcal). 

Electron-impact experiments!®:"™ show that N* ions appear at 24-3 eV, 
leading to D(N,) = 225 kcal. In the past such experiments on CO 
yielded D(CO) = 9-6 eV. However, the latest value is 11-1 eV. A 
similar change in D(N,) would bring the higher value suggested here 
within the range of possibilities. 

The relationships shown in Figure 2 are shown in a different manner in 
Figures 3-5. It seems that any method that might elucidate this problem 
of hydride energies should be tried since theoretical calcuations are of 
extreme difficulty'*. The only suggestion made here is that the value 
accepted at present will only stand if the supposed anomaly in the sequence 
of B(MH) values is accounted for. 


Notation 
B(AB, ABC) = bond energy of the bond AB in the molecule or radical ABC 
D(AB bond energy or bond dissociation energy in the diatomic molecule or radical AB 


D(AB—CD bond dissociation energy of ABCD into AB and CD 
ke force constant (Mdyn/cm 

L(C) = heat of sublimation of graphite at OK = 170-4 kcal 

R, = effective internuclear distance 
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HEAT OF FORMATION OF CO-ORDINATION 
COMPLEXES OF BORON, ALUMINIUM AND 
GALLIUM 


N. N. Greenwoop and P. G. Perkins 
Department of Chemistry, The University, Nottingham, U.K. 


One of the prerequisites to a full understanding of the nature of co- 
ordination compounds is a knowledge of the strength of the donor-acceptor 
bonds which hold them together. In many complexes the situation is 
complicated by the presence of several such bonds; for example the 
compound may be 4-, or 6-co-ordinate so that several terms go to make 
up the total heat of formation of the complex. For this reason it was 
decided to study simple | : 1 and | : 2 addition compounds rather than the 
usual octahedral, square, or tetrahedral complexes. In this way we hoped 
to be able to interpret the various energy terms more satisfactorily and 
so arrive at a sequence of strengths of donor-acceptor bonds between a 
given ligand and a series of electron acceptors, or between a given acceptor 
and a series of ligands. The systems we have been most interested in are 
those in which the electron acceptor is an element of Group III and this 
paper reviews the results obtained on the 1:1 complexes of boron 
trichloride and tribromide and the | : 1 and | : 2 complexes of gallium 
trichloride and tribromide. 

Two methods have been used to determine the heat of formation of a 
crystalline complex: equilibrium vapour pressure measurements and direct 
reaction calorimetry. These give the heat of formation of the solid complex 
and from these, the heats of formation in the gas phase can be obtained in 
those cases where the relevant heats of sublimation and vaporization 
are known. 

The equilibrium vapour pressure method is normally restricted to those 
cases where a solid complex dissociates either into a solid and a gas or into 
two gases. Experimentally the method simply involves synthesizing the 
complex in a vacuum line and then measuring its vapour pressure directly 
or on a spiral gauge. In this work it has been used mainly to cross-check 
the calorimetric measurements. As an example of its independent use, 
the dissociation pressure of triphenylmethyl tetrachloroborate was deter- 
mined: 


Ph,C*BCl,~(.) Ph,CClye.) + 


The vapour pressure followed the relation log P(atm) = 4-069 — 2077/T. 
Hence the heat of the reaction is 9-51 kcal mole! and the entropy of 
formation —18-6 cal mole! deg-'. 

The direct calorimetric method is more involved experimentally but is 
much more versatile. Many of the compounds studied were volatile, 
hygroscopic, or readily oxidized and it was necessary to design a calorimeter 
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to work in an inert atmosphere and over a range of temperature. In the 
final design! the mixing vessel was made from a B55 ground-glass cone and 
was 18 cm deep and 4 cm in diameter. It had a vacuum jacket to reduce 
heat losses. The calorimeter head was made from a B55 socket and carried 
six attachments; the stirrer and breaker rod had mercury seals and guide 
tubes; the thermocouple well and electrical heater for internal calibration 
during each experiment were of specially thinned glass; there was a drip 
feed for distilling or pouring in a known weight of ligand (which also 
served as the calorimetric liquid or “ solvent); and finally there was an 
inlet for dried nitrogen. The ground-glass joints carried sleeves of poly- 
tetrafluoroethylene)—no grease was used. 

l'emperature changes were measured by a 15-junction copper—constantan 
thermocouple (0-0008°). The heater circuit for electrical calibration was 


of standard design; current from large-capacity storage batteries was 


stal 


lized by passage through a matched dummy heater for three hours 
before being switched through the true heater for a timed two minutes. 
The stirrer ran at 160 rev/min and gave no detectable heat of stirring. <A 

nal assessment of the errors involved in timing, thermometry, and 
veighing shows that the expected precision is about 5 parts per thousand; 
in practice a reproducibility of 1-2 parts per thousand was frequently 
obtained 


Phe first complex studied was GaCl,.POCI, (m.p. 118-5°)'. 


GaCl, n + = GaCl,.POCI, (in n POCI,): 

AH 11-00 + 0-01 kcal mole! 
GaCl,.POCI + nPOCI,) = GaCl,.POCI, (in n POCI, 

AH 0-83 0-01 kcal mole=! 
Hence 
GaClye) + POCI, a) = GaCly.POCI« 

AH; 10-17 0-02 kcal mole~! 


he heat of reaction in the gas phase, heats of sublimation 


value of 15 kcal mole! for the complex was obtained 


Other values are 8-5 kcal for GaCl,.) and 8-4 kcal for 


is 


ig ) GaCl,.POCI AH 12-1 keal mole~! 


GaCl,.POCI AH = 22-6 kcal mole~' 


oxygen atom in phosphorus oxychloride is a 
trichloride by 12 kcal than is the chlorine atom in 


ride The heat of the vas pha ¢ reaction between 


and phosphorus oxychloride is 22-6 kcal 


rey resides in the O—Ga bond. since the 
ne complex are modified during the process of donor 
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HEAT OF FORMATION OF CO-ORDINATION COMPLEXES 
Similar results for GaCl,.Et,O, m.p. 16°, and GaCl,.2Et,O, m.p. 9-0 


are shown in the following equations: 


GaClye) + nEtzOq) = GaCl;.2Et,O (in excess ether) ; 
AH = 21-46 + 0-06 kcal mole-! 
GaCl,.Et,0q) + n Et,Oq) GaCl,.2Et,O (in excess ether) ; 
—AH 12-12 + 0-02 kcal mole-! 
GaCl,.2Et,0q) + n Et,Oq) = GaCl;.2Et,O (in excess ether) : 
—AH = 5-98 + 0-03 kcal mole-! 


Hence 
GaClq ie Et,Oq ) GaCl,.Et,0q 
—AH; = 9-34 + 0-08 kcal mole- 
2Et,Oq ) GaCl,.2Et,O, ); 
15-48 + 0-09 kcal mole-! 
GaCl,.Et,Oq Et,Oq ) GaCl,.2Et,O, 
—AH 6-14 + 0-05 kcal mole-! 


Addition of the first mole of ether evolves 9-34 kcal mole. whereas the 
second mole evolves only a further 6-14 kcal mole-!. The heat of vaporiza- 
tion of the | : 1 complex was found to be 12-7 kcal mole-!, which leads to 
the following data for the gas phase reactions: 


$Ga,Cleig) + = GaCl,.Et,0@); —AH = 11-8 kcal mole-! 
GaClyg) + Et,Og) GaCl,.Et,0@); —AH = 22-3 kcal mole-! 


Chis last equation indicates that the heat of interaction of ethyl ether with 
monomeric gallium trichloride (22-3 kcal mole!) is more than twice its 
heat of reaction with boron trifluoride under the same conditions (10-9 
kcal mole~'). 

The heats of formation of a series of complexes of gallium trichloride 
are compared in Table /. 


Table 1. Heat of formation of crystalline addition complexes from GaCl,¢_) and Ligand (1 


Complex —AH (kcal Complex —AH (kcal 


GaCl,.AsCly; 1-4 GaCl,.Et,0;¢ 93 6-2 

GaCl,.PCly) 34 GaCl,.2Et,O;. 15-5 

GaCl,.POCI,, 10-2 Gal, 29-8 

GaCl,.MeCOCl,, 41 GaCl,.2Py,, 41-5 

GaCl, Me,CO,., 15:3 GaCl,. Pip; ) 33-7 18-4 
GaCl,.2Pipye 52:1 


The values range from | to 52 kcal mole. The low values for phosphorus 
trichloride, arsenic trichloride, and acetyl chloride correlate with the 
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observed instability of these compounds*", The heat of formation* of 
GaCl,. Me,CO/(m.p.42-2") is 15-3 keal mole similar to the values found 
for the other oxygen-containing ligands mentioned above. The strongest 
donors investigated were pyridine and piperidine®. It is seen that for 
the the second mole of ligand is added with considerabls less evolution 
of energy than the first and that piperidine is a stronger donor than 
pyridine. Eq onium vapour pressure measurements afford a useful 
heck on the calorimetric data here. for the solid | : 2 pyridine complex 
d ates on heating to the solid | : | complex and pyridine vapour. 
From the te mperature variation of the disse imatvion pressure and the vapour 


the heat of the reaction 


Py 


(al l, 2Py,, ) 


the calorimetrix 7 keal. 


value of 11 


at of f ition f mpiexes of boron trichloride with nitrogen 
eve greater than the energy of interaction of these hgands 
m t rice Thus the heat of formation of BCL.Py 1s 
‘ ind the heat of formation of the piperidine Pip complex 
i+ keal ‘ \t the other end of the « ale is the very 

1 betwee boron trichloride and acetyl chloride whi h 
trv a tate’ ibove the m p t completely 

and the heat of teraction of donor and acceptor to give the 
1 muxture 67 kcal mole! When the entropy of complex 
‘ tracted the tree energy of formation 1s substantially 


¢ st interesting observations made during this work was 
ra qwive wand, the cat oil rmation of complexes of the tribromides 
nsistentiy greater than that for the corresponding trichlorides. 


BC! 


less 


phase, 


Some comparative data are set out in 
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BB 


less than that of GaBr, Py and the ef 


wl 


dimerization® 
that ba k 


reorganization 
is required®, 


c 


donation of p= electrons from the halogen into the 
orbital of the acceptor atom is 
the latter is a 


Table 2 
2. 
wn and Holmes on the sequence « 


confirm the observa- 
BF, - 
l,-Py is significantly 


t appears to persist even in the gas 


acceptor strengths’ 
heat of form: 
Tex 


Likewise the ition of Gal 


n allowance has been made for the heats of sublimation and 
The most plausible explanation of the reversed sequence is 
vacant pr 
greater for BCI, than for BBr,, and hence 
better acceptor of electrons from an exter 
energy from a 


nal ligand because 
planar to a tetrahedral configuration 
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DISSOCIATION ENERGIES OF METAL-CARBON 
BONDS AND THE EXCITATION ENERGIES OF 
METAL ATOMS IN COMBINATION 


L. H. Lone 
University of Exeter, U.K. 


Volatile methyl compounds are formed by the majority of elements 
standing up to six places before a rare gas, so that as a class they represent 
all groups and periods of the Periodic System with the exception of 
Group I. Accordingly, the volatile methyls provide a particularly suitable 
class of compounds for a comparative study of the covalent bonds which 
the metals and non-metals concerned form with carbon; and this study in 
turn throws light on the magnitudes of the internal excitation energies 
possessed by these elements when engaged in covalent bonding. Former 
approaches to this problem have been almost entirely theoretical. 

For convenience, the term “‘ metal—carbon bond ” will be used through- 
out this paper to denote all bonds of the type stated, whether the element 
linked to carbon is a metal or not. 


MEAN DISSOCIATION ENERGIES 


The heats of formation of the methyl compounds are required for 
calculating the mean metal—carbon dissociation energies, and, in the case 
of the highly reactive, spontaneously inflammable liquids or gases under 
discussion, their determination has provided unusual experimental difli- 
culties. Two distinct lines of approach to this problem have proved 
successful. One, originally due to Skinner and his co-workers, has made 
use of bromination or iodination in non-aqueous media in specially 
designed apparatus. The other, employed by several investigators (in- 
cluding the present author), relies on a special technique for opening 
thin-walled glass ampoules in oxygen under pressure in a bomb calorimeter. 
Waddington and his collaborators have improved on this by introducing 
a rotating bomb, and this has been applied to the cases of the methyls of 
lead and sulphur. With all methods, considerable difficulty has been 
encountered in obtaining pure or even complete reactions, and a careful 
analysis of the products is in general necessary to obtain reliable heats of 
reaction. In some reactions a small element of uncertainty is introduced 
through the possibility of solid products being produced in an energy-rich 
form or doubtful crystalline state. 

Notwithstanding these difficulties, it has usually proved possible by these 
methods to obtain heats of formation of the methyl compounds with an 
accuracy that corresponds to limits of error of +1 kcal or less in the mean 
dissociation energies of the metal-carbon bonds. However, in a number 
of cases uncertainties in auxiliary thermochemical data, especially heats 
of atomization, introduce larger possible errors. 
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To reduce the latter as far as possible, published values for the heats 
of formation have been recalculated. where appropriate, with the help of 
the most up-to-date thermochemical data, and a weighted mean selected 
in cases where there have been more than one determination. The values 


so obtained have been adjusted for the respective heats of vaporization 
of the liquid compounds at 25°C and listed for the gaseous species in 
Table 1. In the case of aluminium trimethyl, which is mainly dimeric 


in the vapour phase, adjustment has also been made for the heat of 
dimerization. 


lable 1. Heats of formation of the volatile methyls and total energies of removal of methy! 
radicals 


is Heat of atomization Total enere y of removal 
for ga Res 25°( f element M of all Me radicals 
M (CH,)» kcal mole kcal /g-atom 


kcal/mole 


31-18 82-9 


26-97 65-6 


*M eric spe 


lo calculate the mean dissociation energies, the heats of atomization 


of the respective elements are required, and the values used are likewise 
listed in Table J. Also required is the heat of formation of the free methyl 
radical. This is best calculated from the bromination work?22 of Kistia- 
kowsky and Van Artsdalen, which, when combined with the most recent 
thermochemical data, gives 101-6 kcal/mole at O°K for D(CH,—H), 


corresponding to 102-5 


») at 25°C and 32-5 for the heat of formation of 
CH,. From the latter value and the quantities listed in columns 2 and 4 
of Table 1, the energy required to strip all the methyl radicals from each 
molecule, that is, to dissociate all the metal carbon bonds and leave the 
metal atom in its ground state, has been calculated (column 5). Experi- 
mental values are lacking for the methyls of indium, thallium, germanium, 
selenium, tellurium and fluorine. 
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DISSOCIATION ENERGIES OF METAL—~CARBON BONDS 


The variation in the dissociation energies is more readily grasped by 
reference to Table 2, where the mean values per bond are arranged by 
groups and periods, according to the number of places the metal atom 
stands in front of a rare gas. An estimated value for D(F—CH,), based 
on the heats of formation of other organic fluorine compounds, has been 
added. This variation in the mean dissociation energy Dmj(M—C) must 
be ascribed principally to the change in the contribution made by the 
atom M. 


Table 2. Mean M—C dissociation energies for the volatile methyls (in kcal) 


BMe, ‘Me NMe, OMe, FMe 
87-5 71-5 84-4 ( ~ 120) 


PMe, 
65-3 


SMe, ClMe 
70-3 82-1 


GeMe, AsMe, SeMe, BrMe 
51-5 one 68-9 


InMe, SnMe, SbMe, TeMe, IMe 


T1Me, PbMe, 
35-9 


BiMe, 
33-7 


Table 3. Valence-state energies for the free atoms (in eV 


Bi 
0-86 


On viewing the dissociation energies from the point of view of the 
Periodic System as a whole, it is seen that, whereas there is a basic under- 
lying regularity, in that, generally speaking, the dissociation energies 
decrease as the number of the period increases, being greatest in the upper 
right-hand corner and least in the lower left-hand, there are nevertheless 
marked irregularities. For example, relative to the contributions of its 
vertical neighbours, that of cadmium is low. Likewise the contribution 
of aluminium appears to be even more decidedly low. On the other hand 
the contributions of antimony and tin appear on a like basis to be higher 
than their position in the Periodic System would warrant. These irregulari- 
ties are in general far too large to be ascribed to experimental error, but 
nowhere are they sufficiently great to change the vertical order in the magni- 
tude of the dissociation energies. 


P.A.C. (V. 2. NOS, T-2)—5 63 


: 
( AlMe, SiMe, 
ZnMe, GaMe, 
32-8 
HgMe, 
29°5 
B N oO F : 
Fae 5-52 8-26 1-19 0-50 0-02 
Al Si P Ss Cl 
4-65 6°22 0-70 0-30 0-04 
ay a Zn Ga Ge As Se Br 
4-49 5°75 68 0-67 0-38 0-15 
Cd In Sn Sb Te I 
4°26 (5-5) 0-57 0-52 0-31 
Hg TI Pb 
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gallium are seen 


Viewed horizontally, the contributions from silicon and 
However, the 


inctly high within their respective periods. 
elements probably all make weaker contributions than thei: 
neighbours, which is contrary to the general trend. Indeed, 


ciency is exceptionally large in the case of nitrogen, which makes 


worest contribution of all the first-row elements here considered. 


ic 
the } 
tatively, the mean dissociation energy in NMe, is about 16 per cent 


in CMe,, instead of being a few per cent higher. 
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DISSOCIATION ENERGIES OF METAL-CARBON BONDS 


The two are seen to bear surprisingly little relation. For example, the 
Dy values in Table 2 reveal that the excitation energy of the combined 
atom is much greater for nitrogen than for carbon, whereas for the free 
atom in the calculated valence state, the reverse is true. 


INDIVIDUAL DISSOCIATION ENERGIES 


For polyvalent atoms, further light may be shed on the excitation energy 
of combination by comparing the mean dissociation energies with individual 
dissociation energies. For certain of the methyls, it has proved possible 
to obtain individual dissociation energies from the measured activation 
energies in pyrolytic and other kinetic studies at elevated temperatures. 
Inherent in the method is an uncertainty of order +.RT and there may be 
larger errors, but that the method is capable of giving reliable values is 
seen in the case of methyl bromide, where the activation energy** of 
67-0 + 2 kcal agrees to within experimental error with the thermochemical 
dissociation energy of 68-9 kcal. 

Experimental values of activation energies so far available are listed in 
Table 4. In general, where the compound decomposes by a first-order 
mechanism liberating methyl radicals, the activation energy can be 
identified with the energy absorbed in the process 


MR, —» MR,_, +R 


Table 4. Dissociation energies of the first metal—carbon bonds of the methyls 


Methyl Dm (kcal D, (kcal) estimated from kinetic data 


ZnMe, 
( dMe 4-5" 
Hg Me, 51-30) 51-5038 »42(33) 50-12%) 57 


BMe, 87 
AlMe, 62-9 
GaMe, 97°5 


CMe, 83-0938 
SiMe, 71-1 78-80% 
SnMe, 33 82-410 


PbMe, a5 -9 41 23 28 


NMe, 50 
PMe, 65-3 

AsMe, 54-6146 

SbMe, 49-7 


BiMe, 


OMe, 84-4 98 81-10 
SMe, 7 


of a chain mechanism of order 3/2 


that is to say, may be equated with D,, the dissociation energy of the first 
metal-carbon bond. But this is apparently not the case with the first-row 
elements, where the methyl compounds decompose to give products con- 
taining double bonds. Thus neopentane gives mainly methane plus 
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isobutylene™*. **, while NMe, and OMe, likewise give CHy-NCH, ™ and 
CH yO ® among other products. Accordingly, the values for the first-row 


LONG 


elements are not to be directly equated with dissociation energies, but in 
the higher periods the identification is reasonable. and here it is seen that 
the D, values are almost universally higher than the mean dissociation 
energies (the low values for PbMe, **. “ are associated with unreasonable 
pre-exponential factors and are probably erroneous, the true value almost 
ertainly exceeding that for PbEt, “ AlMe, is a special case, in that its 
thermal decomposition is by a chain mechanism™ of order 3/2. In such 
cases the apparent energy of activation E, (45 kcal for AlMe,) is equal to 
1D, + E,, where E, is the activation energy of the step 


CH, + M‘(CH,), CH, + CH,M(CH,), 
CMe, 99-4 **, 607", 51-5 keal™) and NMe, (Fy, 59 keal™) both 


decompose by a precisely analogous mechanism of order 3 2, while 
OMe, 58°5 apparently also has a three-halves order®*. 
since the amount of methane formed during photolysis of AlMe, at 29 
and 120 C™ suggests that E, here is ~6 kcal, whereas for ( Me,, NMe, 
and OMe, £, is known to be re pectively 10-0". 8-8 5? and 9-5 kcal®*. the 
D, values for these fou compounds are readily calculated and have been 
included in Table 4. The values derived for NMe, and OMe, by a mirror 


o 


technique’ would seem to be erroneous. 


DISCUSSION 

Although individual dissociation energies are lacking for a number of 
methy! compounds, while for others they are in some doubt. the most 
striking factor about the values listed in Table 4. taken as a whole, is that 
Hy from the mean dissociation energies derived 
previously. In general they are larger. and this is precisely the state of 
affairs to be expected if the various polyvalent elements in Groups II to VI 
inclusive possess internal excitation energies in combination. since these 
ciements would not return to the ground state on the rupture of a single 
bond, the state relative to which the mean dissc 1auon energies are measured. 
Phe quantitative data discussed here therefore provide very strong evidence 
indeed for the reality of excitation energies of combined atoms, and this 
is perhaps the most important qualitative conclusion to be drawn from this 
study. The suggestion of the existence of such excitation energies is of 
course not new, but never before has it been verified for such a large 
number of elements. 

It is, however, far more difficult to make any kind of quantitative pro- 
nouncement concerning this excitation energy. Quantitatively, the 
individual dissociation energies D, values) will exceed the mean dissociation 
energies (D», values) by an amount equal to the nth part of V, the excitation 
energy, less &’, the energy of reorganization of the molecular fragment 
MR, _, liberated on its formation from the molec ule MR,, that is 


D, — Da Vuln — 


Merely to multiply D, Dy» by n will give a fair estimate of the excitation 
energy V of element M only if 2’ is small. 
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DISSOCIATION ENERGIES OF METAL-CARBON BONDS 


This last condition is only likely to be realized with the elements in 
Group Il. In this group, as in Groups III and IV, the excitation energy 
incorporates the energy of promotion of an s electron, as well as hybridization 
effects (which do not involve further electronic promotion). When only 
one of the bonds in, say, zinc dimethyl is ruptured, the zinc atom is not 
able to change its promoted state and recouple its electrons as an s* pair, 
neither will it change its valency angle. Accordingly R’ may well be small 
with the methyl compounds of zinc, cadmium and mercury, in which case 
approximate values may be derived for V (Table 5) by ignoring R’ and 
equating V to 2(D, — Dm). (Where alternative D, values are available, 
those derived from experiments with the unadulterated compound at higher 
pressures and lower temperatures have been selected as preferable.) The 
method has already been used by Pauling® in calculating the internal 
excitation energy of divalent oxygen. 


Table 5. Approximate internal excitation energies of cov alently bound zinc, cadmium and 
mercury 


Element 


Compound 


ZnMe, 2 ~ 0-5 


Zn 
Cad CdMe, 43°5 32 8 ~ 0-9 
Hg HgMe, 51-3 29-5 ~19 


It is emphasized that these values for the excitation energies are tentative 
only. Nevertheless, they differ so widely from the values listed in Table 3, 
that it is again abundantly clear that we are not here dealing with the 
valence-state energies of uncombined atoms. Without making the most 
extravagant assumptions, no kind of agreement can be obtained, and, with 
the values listed in Table 3, the ZnMe. CdMe and HgMe radicals would 


be thermochemically unstable. Indeed, a fundamental reason can be 


suggested to explain why the two energies cannot be equated, namely that 


the method of calculating the valence-state energies of free atoms does not, 
indeed cannot, allow for the contribution to the internal excitation energy 


of the changed interaction terms (involving bonding and non-bonding 


electrons) caused by the additional electrons in the valence shell of the 
combined atom. Thus, for example, the energy of promotion of an s 
electron in molecular surroundings will not be the same as for a free atom. 

In Groups III and IV, the reorganization energy #’ may be appreciable, 
because, with the rupture of one bond, the bond angles and, conceivably, 
even the symmetry of the molecular fragment MR,»_, may change. It is 
difficult even to predict the sign of R’, so that no reliable estimates of 
excitation energies are provided by the data for these groups. R’ may 
be markedly negative in the case of SnMe,, for example, as otherwise the 
intrinsic bond energy would be abnormally high compared with other 
bond properties. 

In groups higher than IV, excitation energies of combination are not 
connected with the energies required to uncouple and promote individual 
s electrons, but with hybridization effects which involve a change in the 
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orbital of the s* pair equivalent to a partial promotion. The amount of 
this promotion can vary on the rupture of a bond, and this will affect R’. 
Accordingly, even with the divalent element oxygen, the position is far 
less favourable for numerical treatment than with zinc, and the excitation 
energy which can be derived from the data for OMe, by the foregoing 
method (~1-2 eV) will at best be semi-quantitative. The difference 
between this and Pauling’s value*® (0-78 eV) derived from old energy 
data for the H,O molecule must—in so far as it is not due to sheer experi- 
mental error—be ascribed to the difference in reorganization energies of 
the OMe and OH radicals. If these are positive, as seems more likely in 
Groups V and VI where a partial demotion of the lone pairs of electrons 
is probably involved on the rupture of the first bond, then it may be better 
to regard both estimates as lower limits. Likewise the value that can be 
derived from NMe, for nitrogen (~3-8 eV) is probably best regarded as 
a lower limit. It is to be noted that the valence-state energy of the free 
nitrogen atom is very much smaller, though it must be emphasized that 
the latter is calculated for a non-hybridized state, whereas if hybridization 
were also taken into account for the free atom, the discrepancy would 
probably not be so large. 

l'o conclude, a study of the known dissociation energies for the methyl 
compounds reveals that the internal excitation energy to be associated 
with an atom in a valence state is not the same for the combined as for 
the free atom. Until a theoretical method of reliably computing reorganiza- 
tion energies is available, inferences regarding the excitation energies of 


combined atoms remain qualitative, or, at best, semi-quantitative. 


Note added in proof 


For OMe,, a recent further investigation® of the pyrolysis has provided 
experimental confirmation that the ds composition mechanism is of order 3/2, 


as considered likely in the foregoing (cf. Table 4 and text). The observed 
activation energy, £4, is 55-6 kcal, which, with E, = 9-5 kcal, furnishes the 


improved value, D, = 92-2 kcal. 
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THE THERMOCHEMISTRY OF SOME ORGANO- 
PHOSPHORUS COMPOUNDS 


C. T. Mortimer 
University College of North Staffordshire, Keele, Staffordshire, U.K. 


DETERMINATION OF HEATS OF FORMATION 


In recent years a certain amount of thermochemical data has been 


accumulated for organo-phosphorus compounds. The data have been 


obtained by measuring heats of reaction by two general methods: 


(a) combustion calorimetry, involving degradative oxidation; and 
(b) reaction calorimetry, where the heats of such reactions as hydrolysis, 


aminolysis, and partial oxidation have been measured. 


As examples of degradative oxidation, we may mention the following 


combustion reactions, the heats of which have been measured recently!: 


PPhyic.) + 23 H,PO,e.) + 18 CO.@) + 6 


AH® 2463-3 2-3 kcal/mole 


OPPh,« ) > H,P¢ ) 18 6 


AH® 9393-4 + 3-0 kcal/mole 


Org) 


OP(OEt)3a,) + 9 ——> + 6 + 6 H,Oq); 
AH? = 982-9 


1-3 kcal/mole 


From these heats of combustion, the heats of formation of the organo- 


phosphorus compounds may be calculated in terms of the heat of formation 
of crystalline orthophosphoric acid, taken as? —306-2 kcal/mole, and the 
generally accepted values for carbon dioxide and water?. The values 


obtained are 


AH; 
AH?(OPPha 15-6 + 3-0 kcal/mole; 


(PPh) 54-3 + 2-3 kcal/mole; 


and AH?(OP(OEt).4« ) 297-5 1-3 kcal/mole 


After the combustions, the phosphoric acid was, in fact, in aqueous 
solution, so that a correction for the heat of solution was necessary. These 
combustions were made in a static bomb, and as a result the concentration 
of phosphoric acid probably varied considerably in different parts of the 


bomb, leading to the comparatively large error of +-0-1 per cent, associated 
with the heats of combustion. This error could be reduced very consider- 


ably by using a rotating bomb technique. 
A number of organo-phosphorus compounds undergo reactions which 
can be studied conveniently in a simple reaction calorimeter. An example 


7] 


Migs 
te 


C. T. MORTIMER 


of such a reaction, the heat of which has been measured recently*, is the 
hydrolysis of the phosphinimine, Ph,P=NEt, 


PhsP=NEt.) + H,Oq) + HCliag) OPPhgye.) + EtNH, . HChaq): 


AH —11-7 + 0-3 kcal/mole 


In this case the heat of formation of the phosphinimine 


AH; Ph,P NEtye) + 27-0 + 3-5 kcal/mole 


is calculated from the heat of formation of triphenylphosphine oxide, which 
is known from the combustion data, in terms of the heat of formation of 


orthophosphoric acid. 


\ useful intermediate in the reaction calorimetry of phosphorus com- 


pounds is phosphorus trichloride. The heat of formation of this is known 


from the heat of hydrolysis, carried out under oxidizing conditions, to 
orthophosphoric acid‘, viz., 


+ 4H,Oqg) + > HyPO 3 HClhiag) + 2 HBryag); 
AH 137-9 kcal/mole 


The heat of formation of triethy] phosphate has been determined, in 


terms of that of phosphorus trichloride, from measurements of the heats of 


the following reactions, in which phosphorus trichloride is esterified to 


triethyl phosphite®, which is then oxidized to triethy! phosphate®: 


+ 3 EtOH, >» POEt 


3a.) + 3 PhNH,. HCl~); 
AH 74-8 kcal mole 


OP OEFt), + H,Og,; AH 116-3 kcal mole 


P OEt 


From these data, the value AH? OP(OEt) 297-8 kcal mole 


is derived, which is in close agreement with that obtained by combustion 


calorimetry 
Other thermochemical data for organo-phosphorus compounds include 
AH? P(NEt,), 66-8 2-5 kcal/mole, obtained by measuring the 


heat of reaction of phosphorus trichloride with diethvlamine. in which 


the amino-phosphine is formed’. Also the heats of combustion of some 
phosphonitrilic compounds have been determined, and the heats of 
formation dervied*: AH?((PNPh,) 1-7 11+5 kcal/mole and 
SH? PNMe,) 125-2 2-7 kcal mole. 


All these heats of formation are based on the heat of formation of ortho- 


phosphoric acid. This is derived from the work of Thomsen®. in 1882. 
the overall accuracy of which it is difficult to ASSCSS some independent 


measurements by Giran’®, in 1903, confirm Thomsen’s value. so that it 


might be accepted with some confidence. However, it would seem advisable 


to redetermine the value with the advantage of modern thermochemical 


s5. 
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DISSOCIATION ENERGIES 


Ihe heats of formation may be used to find the streneth of the bonding 


between phosphorus and other atoms. A measure of this. for trivalent 
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THERMOCHEMISTRY OF ORGANO-PHOSPHORUS COMPOUNDS 


phosphorus compounds of the type PR;, is the mean bond dissociation 
energy Dm(P—R). This is defined as one-third of the heat of the gas-phase 
reaction 


PR3 ig.) ——> + 3 Rey 


in which the compound is dissociated into phosphorus atoms and atoms or 
radicals R. Table ] shows some mean bond dissociation energies, together 
with the heats of formation used in the calculations. 


o/ 


Table 1. Mean bond dissociation energies in PR,, based on™ AH?(Pig.)) = 75-3 kcal/g-atom 


AH? AH? (Rig) Dm(P—R)* 
Compound kcal/mole) (kcal/mole (kcal/mole) 


PCI, 66-6 4 28-94 76-2 
PBr, 29-7 + 26-7 61-7 
P(OEt), 194-1 ~ 8-1 81-7 
P(NEt hy 7 34-9 77-4 
PPh, + 72: + 70 71-0 


* Calculated from AH}(Et,NH@ 17-0 kcal/mole, assuming” D(Et,N—H D(H,N—H) = 
kcal/mole 


The heats of dissociation of the phosphoryl compounds to the trivalent 
phosphorus compounds, D(P=QO), represented by the following equation, 
are especially interesting: 


> Ow) + PRae) 


In some cases the heat of the reverse process, that is oxidation of the PR, 
molecule, has been measured. Otherwise these dissociation energies can 
be calculated from differences between the heats of formation of OPR, and 
PR, molecules. 


It has been suggested® that the OPR, molecule should be regarded as a 


tetrahedral structure O—PR,, modified by back co-ordination from the 
2p," and 2, orbitals of O- to the vacant 3d, orbitals of P*, thus giving 


O—P triple bond character, with the further possibility of back co-ordination 
to P from the R atoms or groups, if these have donor electrons. For 
convenience, we shall continue to designate the dissociation energy of the 
bond D(P=O), though bearing in mind this additional 7-bonding. 

Values of D(P=O) for a number of phosphoryl compounds are shown 
in Table 2. The variation in these dissociation energies reflects changes in 
the strength of both the phosphoryl bond, as suggested by the shift in 
Raman frequency and infra-red wavelength of this bond on changing the 
R groups, and also in the strength of the P—R bonds. 

In the series (2) OPBr,, OPCI,, OPF,, it is seen that D(P=QO) increases 
with increasing electronegativity of R. Along the series (6) OPF;, 
OP(OEt),, OP(NEt,),, there is also an increase in D(P=QO), which is 
unexpected in terms of electronegativity. A possible explanation is that 
back co-ordination from the R groups to the phosphorus atom is increased 


in O -PR,, as compared with PR,, causing a strengthening of the P—R 
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bonds in the phosphoryl compound, which will be included in D(P<O). 
that the power to back co-ordinate is greater for nitrogen than 
mn iS greater, in turn, than that for chlorine’*. This effect 
to offset any reduction in D/P<{O due to the decrease in 
ity along the series fluorine, oxygen, nitrogen. 


APR, 


lata available for the thiophosphory! com- 
to be considerably less than 

expected, since the smaller 

rus, than between 

make the bondi yin thiophosphory! com- 


to the nature of the R groups. 


BOND ENERGIES IN PHOSPHONITRILIC COMPOUNDS 


therme nemistry of the phosp! itriic con pounds shown below 1s 


formation of (I 
} kcal/mole, from 
! formation of (II) and (IIT 
these figures it is possible to 


it, E(R,P=N—P). 
| Ph 


a 
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THERMOCHEMISTRY OF ORGANO-PHOSPHORUS COMPOUNDS 


This is simply done by taking one-third of the heat of formation of the 
compounds (I) and (II) from the atoms, or one-quarter of the heat of 
formation of (III). Now it is unlikely that the bond energies (or group 
energies where R Me or Ph) of the P—R bonds (or groups) in the 
phosphonitrilic molecules will be less than in the corresponding PR, 
compounds, and the indications of the preceding section are that the bond 
energies will be slightly greater in the phosphonitrilics. Substituting the 
values for E(P—R), derived from PR, molecules, in the ring unit gives a 
maximum value for the sum of the single and double phosphorus—nitrogen 
bond energies, E(P=N—P). These values are shown in Table 3. 


Table 3. Bond energies in phosphonitrilic compounds (in keal/mole). £(P—R) ,AHr* 
PRyg.))* 


Compound AHig E(R,P=N—P E(P—R E(P=N—P) 
PNCI,), 178-1 305-4 76-2 153 
PNMe,), 107-1 878-3 300-0 158 
(PNPh,), 58-7 2745°1 286-8 172 


*The heat of formation of the gaseous compound from the atoms 


It would be interesting to compare E(P=N—P) with the sum E(P=N) 
+ E(P—N), the single and double bond energies, found in other molecules, 
since it has been suggested that these inorganic “ aromatic” molecules 
will have a resonance energy". 

Values for the bond energy of the phosphorus-nitrogen double bond, 
E(P=N) can be calculated from the heats of formation of the gaseous 
phosphinimines Me,P=NEt and Ph,P=NEt. These have been given® as 

21-9 + 2-6, and + 45-0 + 5 kcal/mole, respectively. Assuming that the 
bond energies of the groups Me,P and Ph,P are the same in the phos- 
phinimines as in the trivalent compounds trimethylphosphine and 
triphenylphosphine, the bond energies are calculated as E(P=N 69-7 
kcal/mole in trimethylphosphinimine, and E(P=N 98-4 kcal/mole in 
triphenylphosphinimine. It is interesting to note the large difference, of 
28-7 kcal/mole, between these two values. 

For the phosphorus—nitrogen single bond, we have the value E(P. —N) 
66-8 kcal/mole, calculated from the heat of formation of gaseous trisdiethyl- 
aminophosphine, P(NEt,),. Since we have used E(P—R) values derived 
from trivalent PR, molecules to calculate the bond energy of the ring unit 
E(P=N—P), and also to derive E(P=N) values, it seems reasonable to 
use this value for E(P—N) found in a trivalent compound. Thus, the 
sum £(P=N) + E(P—N) is calculated as 136-5 kcal/mole, when the 
phosphorus atom in the phosphinimine is methyl-substituted; and 165-2 
kcal/mole when it is phenyl-substituted. 

The values of E(P=N—P) in the corresponding phosphonitrilic com- 
pounds are 158 and 173 kcal/mole, so that the “ resonance ” energy of the 
ring unit is 21 kcal/mole for the methyl-substituted compound and 
7 kcal/mole for the phenyl-substituted compound. Hence, the resonance 
energy of the six-membered ring system, (PNMe,), is ~60 kcal/mole, 
and of the eight-membered ring system, (PNPh,),, is ~28 kcal/mole. 
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Here, as in the calculation of all resonance energies, the values depend 
upon the choice of the standard, non-resonating compound with which 
the resonance structure is compared. In these cases it is the phosphinimines 
which are taken as the reference compounds, despite the fact that there is 
probably considerable electron delocalization involving the phosphorus 
3d-electrons and the z-electrons of the phenyl groups. 
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THERMOCHEMISTRY OF ORGANIC FLUORINE 
COMPOUNDS AND CARBON COMPOUNDS 
OF METALS BY ROTATING-BOMB 
CALORIMETRY* 

W. D. Goon and D. W. Scorr 


Petroleum Experiment Station, Bureau of Mines, U.S. Department 
of the Interior, Bartlesville, Oklahoma, U.S.A. 


Rotating-bomb calorimetry was first applied to organic compounds that 
contain chlorine, bromine, or sulphur. Techniques developed for these 
classes of compounds, mostly at the University of Lund and at the Bureau 
of Mines in Bartlesville, have been described in the book Experimental 
Thermochemistry’. The development of rotating-bomb methods made 
accurate combustion calorimetry feasible for other classes of compounds 
besides those of chlorine, bromine, or sulphur. Two of these other classes 
of compounds have received attention in the Bureau of Mines laboratory 
in recent years, namely: (a) organic fluorine compounds and (b) organo- 
metallic compounds and other carbon compounds of metals. Techniques 
developed for rotating-bomb calorimetry of these two classes of compounds 
are reviewed in this paper. 


ORGANIC FLUORINE COMPOUNDS 


Chemistry of the bomb process 


In combustion calorimetry of an organic fluorine compound, CgH»O,NaF,, 
the sample reacts with oxygen in a calorimetric bomb containing some water. 
The products are some or all of the following: CO,, H,O, N,, HNO,, 
HF, and CF,. Traces of HNO, are formed from nitrogen impurity in 
the oxygen with which the bomb is charged, even if the compound itself 
does not contain nitrogen. If the compound is not highly fluorinated, 
all of the fluorine appears in the products as HF. However, if the 
compound is highly fluorinated, 80 per cent or more of the fluorine may 
appear in the products as CF,. Examination of combustion products for 
fluorine-containing compounds other than hydrogen fluoride and tetra- 
fluoromethane has always given negative results. 


Rotating-bomb calorimeter, bomb, and fittings 

The calorimeter? used for organic fluorine compounds embodies several 
improvements over earlier models, the most noteworthy of which is pro- 
vision for continuous rotation of the bomb to the end of the calorimetric 
experiment. Continuous rotation assures homogeneity and equilibrium of 
the final contents of the bomb and simplifies the correction for energy 
generated by rotation of the bomb. 


* Contribution No. 83 from the Thermodynamics Laboratory. 
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Owing to the corrosive nature of the hydrofluoric acid in the combustion 
products, a platinum-lined bomb was used. The bomb was placed in 
the calorimeter in the inverted position. The crucible and all other internal 
fittings of the bomb were made of platinum. Slight attack of the platinum 
crucible occurred during combustion of highly fluorinated samples, but 
the amount of attack was scarcely significant thermochemically. 


Containers for volatile samples 


Glass ampoules could not be used as containers for volatile fluorine 
compounds, because the glass would react with the hydrogen fluoride in 
the combustion products. In early work, fused-silica ampoules were used, 
and thermochemical corrections were applied for reaction between the 
silica and hydrogen fluoride. In later work. volatile samples were sealed 
in polyester film bags*. These containers are impervious to compounds 
of all degrees of fluorination, and they undergo complete combustion along 
with the samples they contain. 


Experimental procedures 


In general, the calorimetric procedures were similar to those of rotating- 
bomb methods for other classes of con pounds. ‘The bomb initially con- 
tained water, usually 10 ml. Carbon dioxide having been expelled from 
the solution, the total acidity of the final bomb contents was determined 
by acid-base titration, loss of hydrogen fluoride being prevented by 


converting it to non-volatile HF,~ ion. Nitric acid was determined by 
Devarda’s method. Hydrogen fluoride was determined as the total ac idity 
corrected for nitric acid), and tetrafluoromethane was then determined by 


difference. 


Comparison experiments 


Reduction of the calorimetric results to standard states could not be 
made rigorously because certain data. particularly values of the solubility 
and heat of solution of carbon dioxide in aqueous hydrofluoric acid as 
functions of concentration, were lacking. Errors from inexact reduction 
to standard states were minimized by use of comparison experiments. In 
these experiments, the sample was benzoic acid and either succinic acid or 
a hydrocarbon oil, and the bomb initially contained a solution of hydro- 
fluoric acid. The amounts were selected so that the evolution of energy, 
the amount of carbon dioxide formed, and the amount and concentration 
of the final bomb solution all were nearly the same as in the combustion 
experiment with the fluorine compound. The comparison experiments 
were used to determine an apparent energy equivalent of the calorimetric 
system. The value of the apparent energy equivalent was used to compute 
the heat of combustion of the fluorine compound. In the result so obtained, 
errors from inexact reduction to standard states were eliminated or made 
much smaller by cancellation. 


Results 


Values of heat of formation for 15 organic fluorine compounds determined 
by rotating-bomb calorimetry are listed in Table ]. These derived results 
were obtained from the experimental values of the heat of combustion by 
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THERMOCHEMISTRY OF ORGANIC FLUORINE COMPOUNDS 


use of presently accepted values for the heat of formation of CO, @) 
H,Oq, and HF (in aqueous solution)* and the value*, = —218°s 
kcal mole! for CF,. If the heat of vaporization has been determined, 
the heat of formation is given for the vapour state as well as for the 
condensed state. 


Table 1. Heat of formation of organic fluorine compounds 
a Cre )(graphite) b/2 Hag The be d/2 Nag e/2 Fug ) vic l. or g.) 


AH 999.15 (kcal mole~') 
Compound 


Crystals Liquid 


o-Fluorobenzoic acid 134-3, 
m—Fluorobenzoic acid 137-8, 
p-Fluorobenzoic acid 138-9, 
4—Fluorotoluene 

Fluorobenzene 

1 ,2—Difluorobenzene 

1,3—Difluorobenzene 

1,4—Difluorobenzene 

Benzotrifluoride 

m-—Fluorobenzotrifluoride 

Perfluoropiperidine 
Perfluoromethylcyclohexane 
Perfluoroethylcyclohexane 

Poly (tetrafluoroethylene) 193-,* 
Perfluoro-n-heptane 


* kcal monomole™' for material that had received no heat treatment. 


ORGANO-METALLIC AND RELATED COMPOUNDS 
Chemistry of the bomb process 


Four carbon compounds of metals were studied by rotating-bomb 
calorimetry: tetramethyl-lead’, tetraethyl-lead*, lead oxalate’, and di- 
manganese decacarbonyl*®. Solid products from combustion of these 
compounds were dissolved by a solution in the bomb. For lead compounds, 
the solution contained nitric acid and a little arsenious acid. This solution, 
in the presence of oxygen under pressure, dissolved all solid lead compounds 
to give Pb** in solution. For the manganese compound, the solution 
contained nitric acid and a little hydrogen peroxide; this solution dissolved 
all solid manganese compounds to give Mn?**+ in solution. Rotation of 
the bomb after the combustion reaction was finished assured the rapid 
solution of the solid products wherever they might be in the bomb. 

Lead oxalate alone would not sustain combustion, and use of an equal 
mass of hydrocarbon oil as promoter was necessary to obtain complete 
combustion. Tetramethyl lead, on the other hand, would detonate to 
produce “soot”? and other incompletely oxidized products, and dilution 
with a hydrocarbon oil as moderator was necessary to obtain smooth 
combustion which went to completion. The heat of dilution was determined 
in separate experiments. Tetraethyl-lead had satisfactory combustion 
characteristics. 

Two complications were encountered with the manganese compound. 
First, a lower-than-normal pressure of oxygen was needed to obtain the 
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solid products in a finely divided state suitable for solution: unfortunately, 
at the required lower oxygen pressure, a “ carbon residue ” was formed. 
Second, catalytic decomposition of the hydrogen peroxide in the bomb 
solution took place in the presence of manganous ion. However. appro- 
priate thermochemical corrections were possible for both of these compli- 
cating effects. 


Rotating-bomb calorimeter, bomb, and fittings 


The same calorimeter was used for the organo-metallic and related 


compounds as was used for the organic fluorine « ompounds, ‘The provision 
lor continuous rotation of the bomb was particularly necessary because of 


the relatively long time required to dissolve the solid products. 


\ bomb made of nickel-chromium alloys was used because the thin 


mb might be damaged by spattering of molten 


metal or oxides. However, some interior fittings less liable to such damage 
were made of platinum. To prevent short circuiting of the ignition current 

rough the conducting bomb solution, the insulated electrode was mounted 
on a post int gral with the head of the bomb. When the bomb was in the 
calorimeter in the inverted posivion, the top of the post was above the 
surface of the bomb solution. 

A platinum crucible was satisfactory for the manganese compound, 


However, platinum crucibles were not inert to the combustion products 


of the lead compounds, so fused-silica crucibles were used. The fused 
s i ixed some it with the solid lead compounds, but the amounts 
of the products (lead silicate and aqueous silicic acid) could be determined 


ppropriate thermochemical corrections applied for the fluxing 


Containers for volatile samples 


Samples of tetraethyl-lead were en losed in 


| unsealed ampoules of fused 
silica. As the ampoules were of the same material as the cruc ibles, single 
thermochen corrections could be made for fluxing with both the 


gments Irom the ampoules, Samples of tetramethyl- 
lead, diluted with hydrocarbon oil, were sealed in polyester film bags 
similar to those used for the organic fluorine compounds. No containers 
were needed for the non-volatile solids, lead oxalate and dimanganese 


decacarbonyl. 


Experimental procedures 


In general, the calorimetrix procedures were similar to those of rotating- 


bomb methods for other classes of compounds. The bomb initially con- 
tained the sol ito! isually 50 ml to dissolve the s lid products, The 
reaction period was longer than normal because of the time required for 
the solid products to dissolve. When the calorimetry was complete, the 
fis boml ent ere analysed chemically. The amount of reducing 
gent rset i or hydrogen peroxide) remaining was determined. 

ther adeterminatior necessary for apphcawor ol thermo hemical 

rrecuions or verilying the chemistry of the bomb process were made. 
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THERMOCHEMISTRY OF ORGANIC FLUORINE COMPOUNDS 
Comparison experiments 


Use of comparison experiments for fluorine compounds has already been 
described. Comparison experiments for the organo-metallic and related 
compounds were even more important because of the greater volume of 
bomb solution and therefore larger corrections for dissolved carbon dioxide. 
In these comparison experiments, the sample was benzoic acid or hydro- 
carbon oil or both, in amounts selected so that the evolution of energy and 
the amount of carbon dioxide formed, or at least the latter, were the same 
as in the combustion experiment. An inorganic compound of the metal, 
solid Pb(NO,), or a concentrated solution of Mn(NO,),, was placed in a 
second crucible in the bomb. (The hygroscopic Mn(NO,), solution was 
enclosed in a glass ampoule.) The amount and composition of the initial 
bomb solution was such that the final bomb solution duplicated the one in 
the combustion experiment. The comparison experiments, in addition to 
minimizing errors from inexact reduction to standard states, also allow the 
combusion reaction to be referred to the inorganic compound of the metal 
as product, with the latter in a physical state for which the heat of formation 
is well known. Possible errors because the calorimetry is not strictly a 


substitution method are also cancelled by use of comparison experiments. 


Results 


Values of the heat of formation of the four organo-metallic or related 
compounds, determined by rotating-bomb calorimetry, are listed in 
Table 2. These derived results were obtained from the experimental values 


Table 2. Heat of formation of organo-metallic and related compounds 
@ Cie), (graphite) + 6/2 Hyg) + ¢/2 Ong) + dMye.) = 1. or g.) Mis Pb or Mn 


AH (kcal mole") 
Compounds 
Crystals Liquid 


Tetramethyl-lead 
Tetraethy l-lead 

Lead oxalate 

Dimanganese decacarbony] 


of the heat of combustion by use of presently accepted values for the heat 
of formation of CO, H,Oq), HNO, (in aqueous solution), Pb(NQs) 
and Mn(NQ,), (in aqueous solution)®. 


DISCUSSION 

The rotating-bomb method can be used for accurate combustion calori- 
metry of most solid or liquid organic fluorine compounds. The rotating- 
bomb method also makes possible accurate combustion calorimetry of 
organo-metallic and related compounds, although special problems have 
to be solved for compounds of each particular metal and even for individual 
compounds of a given metal, The thermochemistry of both classes of 
compounds is now on a sound experimental basis. 
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THERMOCHEMIE ISOMERER CHLORTOLUOLE 


K. Scuwase, A. Scutavsrrz und W. Wacner 


Institut fiir Elektrochemie und physikalische Chemie der Technischen 
Hochschule, Dresden, Deutschland 


Vor einigen Jahren haben wir das thermochemische Verhalten der 
isomeren Hexachlorcyclohexane untersucht!. Es wurde gepriift, ob die 


in den Patentschriften beanspruchte thermochemische Umwandlung der 
als Insektizid unwirksamen Isomeren in das hochwirksame und te: hnisch 


so wichtige y-Isomere thermodynamisch méglich ist. Neben den Verbren- 


nungswarmen, die zeigten, dass das y-Isomere leider das energiercichste 


unter den bei der Photochloricrung des Benzols hauptsachlich entstehenden 


Hexachlorcyclohexanen ist, wurden auch die Lésungswarmen der Isomeren 
in verschiedenen Lésungsmitteln sowie die Aktivitaten gemessen. Dabei 
wurden im gleichen Lésungsmittel relativ grosse Unterschiede zwischen 
den Isomeren gefunden, die auf den verschiedenen Werten der Schmelz- 
warmen beruhen konnten. Es sind daher fliissige isomere Verbindungen 
untersucht worden, bei denen die Schmelzwarmen keinen Anteil an den 
Messergebnissen haben. Die Versuche wurden mit den drei isomeren 
Chlortoluolen ausgefiihrt. Von deren Mischsystemen mit Benzol sind die 
Aktivitaten, die Mischvolumina und die Mischungswarmen gemessen 
worden. 


EXPERIMENTELLER TEIL 
Aktivititen 


Die Aktivititen sind durch statische Messung der Dampfdruckernie- 
drigung der Lésung gegeniiber dem reinen Lésungsmittel bestimmt worden. 
Die Messungen wurden nach einer Differentialmethode von F. Klages und 
K. Mohler* ausgefiihrt. Als Manometerfliissigkeit wird hierbei das reine 
Lésungsmittel verwendet. Dieses Verfahren hat den Vorteil, dass die 
trotz Entliftung von Apparatur und Substanzen stets vorhandenen geringen 
Luftmengen sich sowohl auf Lésung wie auf Lésungsmittel gleich auswirken. 
Ausserdem erlaubt das Lésungsmittelmanometer eine etwa zwanzigmal 
grossere Ablesegenauigkeit als das Quecksilbermanometer. 

Die verwendete Apparatur ist in Bild J schematisch dargestellt. Sie 
besteht aus der Entliftungsanlage (2) und dem eigentlichen Differential- 
manometer (6). Um das Lésungsmittel zu entliiften, wird es in dem 
Kolben A bis unter seinen Schmelzpunkt abgekihlt. Der Apparaturteil (a) 
wird dann mit einer Quecksilberdiffusionspumpe auf 10-* Torr evakuiert. 
Der Entliftungsgrad kann an ecinem McLeod-Manometer G iberpriift 
werden. Nach Beendigung der Entliftung wird Hahn D geschlossen, das 
Lésungsmittel aufgetaut und von A nach B destilliert. Der Kihler C wird 
wahrend der Destillation mit einer Eis-Kochsalz-Sole gespeist. Der gleiche 
Entliftungsprozess wird nochmals ausgefihrt, so dass sich am Ende das 
Losungsmittel wieder im Kolben A befindet. 
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Bild 1. Apparatur zur Dampfdruckmessung 


Dieser Behandlung schliesst sich eine Feinentliiftung an: Das Lésungs- 
mittel wird bei laufender Pumpe am Riickflusskiihler C destilliert. Dabei 
sammeln sich die letzten Luftspuren im oberen Kihlerteil an. Diese 
werden entfernt, indem zunachst bei geschlossenem Hahn I der Hahn D 
geofinet wird. Der Apparaturteil D-I fiillt sich mit Losungsmitteldampf 
und Luftresten. Dann wird Hahn D geschlossen und wieder evakuiert. 
Das Verfahren wird wiederholt, bis das McLeod den gewiinschten Ent- 
liftungsgrad anzeigt. 

Das Differentialmanometer (6) wird durch den Einfiillstutzen F mit der 
zweiten Mischungskomponente beschickt und iiber Schliff S mit der 
Entliftungsanlage verbunden. Diese Komponente wird gleichfalls unter 
ihren Schmelzpunkt gekiihlt und die gesamte Entliftungsoperation nochmals 
wiederholt. Sodann wird die erforderliche Menge Lésungsmittel in das 
Vorratsgefass V iiberdestilliert, wobei der Kiihler E von einer Kihlsole 
durchflossen wird. Nach dem Abschmelzen bei H ist das Differential- 
manometer messbereit. 

Die gewiinschten Mischungsverhaltnisse werden durch Uberschiitteln des 
Lésungsmittels vom Vorratsgefass V in das Messgefass M hergestellt. Dieses ist 
graduiert und geeicht, so dass die Konzentrationen berechnet werden konnen. 

Die Dampfdruckdifferenz zwischen Lésung und Lésungsmittel wird an 
der Messkapillare N abgelesen. Die Bezugsbasis fiir die Ablesungen ist 
der Fliissigkeitsmeniskus in der Kapillare Q. Diese besitzt den gleichen 
Querschnitt von 1,4 mm wie die Messkapillare N, so dass die Kapillar- 
aszension keinen EinfluB auf die Ergebnisse hat*. 


*Es | irspriinglich Bedenken, ob nicht trotz der langen Kapillare zwischen Vor- 
ratsgefals f las reine LOsungsmittel und MessgefaB M mit der Lésung eine isotherme 
Destillation stattfinden kénne Selbst bei mehrstindiger Beobachtung konnte jedoch nach 
Einstellung des Gleichgewichtes nie cine Veranderung des Meniskus in det Kapillare N 


beobachtet werden. Eine einmal eingestellte Dampfdruckdifferenz blieb auch uber Stunden 
hinweg konstant 
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Die Messungen sind in einem Wasserthermostaten bei 25°C durchgefiihrt 
worden. Mit dieser Anordnung konnten die Aktivitatskoeffizienten mit 
einer Genauigkeit von +-2,5 Prozent bestimmt werden. 

Durch graphische Intergration der Gibbs—Duhem’schen Gleichung 


wurden aus den gemessenen Dampfdruckerniedrigungen die Aktivitatsko- 


effizienten der Isomeren errechnet. Da diese zunachst auf die verdiinnte 


Lésung bezogen sind, erfolgte eine Umnormierung auf den reinen Stoff, 


um weitere thermodynamische Berechnungen anschliessen zu kénnen. 
In Tabelle 1 sind die gemessenen Dampfdruckerniedrigungen und die 
Aktivitatskoeflizienten der Mischsysteme Chlortoluole—Benzol zusammen- 


gestellt. 


Mischungswiarmen 


Die Messungen sind mit einem Kalorimeter ausgefiihrt worden, das im 
Laufe verschiedener anderer Arbeiten weiterentwickelt worden ist (Bild 2). 


A 


ow 


Lo Cd 


Bild 2. Schematischer Aufbau des Kalorimeters: A, Fallvorrichtung; B, Thermostaten- 
rihrer; C, Kalorimeterriihrer; D, Thermosdule; E, Heizer; F, Metallgefasse; G, Isola- 
tionsschichten; H, Ausseres Wasserbad, I, inneres Wasserbad; J, Mantelgefass; K, 
Kalorimetergefass; L, Konvektionsschild 


Das Kalorimetergefass besteht aus hochglanzvernickeltem Messingblech. 
Durch den Deckel sind der Heizer, die Thermosdule und der Rihrer, der 
gleichzeitig als Zertriimmerer dient, gasdicht durchgefiihrt. Die Ther- 
mosaule besteht aus 147 Kupfer—Konstantan—Elementen. Die Ampullen 
sind der Form des Kalorimetergefasses weitgehend angepasst. Das Kalori- 


meter befindet sich in einem Tian’schen Vielmantelthermostat, dessen 


Temperaturschwankungen im Innenmantel kleiner als 10-5 Grad sind. Die 


gesamte Anlage ist in einem temperaturkonstanten Raum 0,07 
untergebracht. Die Spannung iiber dem elektrischen Heizer wurde mit 
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THERMOCHEMIE ISOMERER CHLORTOLUOLE 


einem Feussner-Kompensator bestimmt. Der Thermostrom ist mit einem 
Zeiss-Skalengalvanometer gemessen worden. Es konnten noch Temperatur- 
anderungen von 5.10-5 Grad bestimmt werden. Die Messgenauigkeit 
liesse sich durch Kompensation des Thermostromes steigern. Das erwies 
sich jedoch als zwecklos, da die Hauptfehlerquelle in der Auswertung des 
Temperatur—Zeit—Verlaufes liegt. Eine nahere Untersuchung dieser Frage 
zeigte, dass bei diesen anisothermen Messungen relativ kleiner und nicht 
augenblicklich freiwerdender Mischungswarmen sowohl eine rechnerische 
wie eine graphische Auswertung des Temperaturverlaufes mit einer erheb- 
lichen Unsicherheit behaftet ist, weil ATV/At sich nicht linear mit der 
Temperatur Andert. Da der Hauptanteil des mittleren Fehlers auf die 
Extrapolation der Temperatur—Zeit-Kurve bei der Auswertung entfallt, 
vergrossert er sich mit dem Betrag der Warmeténung. 

Eine Untersuchung des schon vielfach gemessenen Systems Tetrachlor- 
kohlenstoff—Benzol zur Priifung der Apparatur ergab gute Ubereinstimmung 
mit den zuverlassigsten Werten anderer Autoren (Bild 3). Der maximale 
mittlere Fehler betrug bei diesen Messungen +-1,2 Prozent. 


0,2 04 06 


penzol 


Bild 3. Mischungswarmen des Systems Tetrachlorkohlenstoff-Benzol bei 25°C in cal/Mol 
Mischung: A, Hirobe (1926); B, Kirejew u.a. (1937); C, Vold (1937); D, Schulze (1951 
E, Cheesman u. Whitaker (1952); , eigene Messungen 


Die mittleren molaren Mischungswarmen der drei Chlortoluole mit 
Benzol sind in Tabelle 2 und Bild 4 dargestellt. Es ist ein maximaler 
Fehler von +3,5 Prozent berechnet worden. Wahrend sich die 
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K. SCHWABE, A. SCHLAUBITZ UND W. WAGNER 


Tabelle 2. Mittlere molare Mischungswarmen der Systeme Chlortoluole—Benzol 
A Benzol; B Chlortoluole 


Cremessene 
Hei zenergie Mischunes- 
Qn warme 
cal cal 


o-Chlortoluol—Benzol 


0,645 4,157 
6,873 
17.796 

16.301 

12.390 


12,337 


Mischungswarmen von o- und p-Chlortoluol im ganzen Konzentrations- 
bereich wenig unterschieden, ergibt das m-Chlortoluol fast doppelt sO grosse 
Werte. 


Mischvolumina 

Die Volumina der Mischsysteme wurden aus Dic htemessungen bestimmt. 
Es ergab sich fur alle drei Mischungen, dass im gesamten Konzentrations- 
bereich sich die Mischvolumina additiv aus den Einzelvolumina zusam- 
mensetzen. 


THEORETISCHER TEIL 


Die gemessenen Aktivitatskoeffizienten und Mischungswarmen gestatten 
die drei Mischsysteme der Chlortoluole mit Benzol durch ihre Uberschuss- 


funktionen zu charakterisieren. Man erhalt die freie Uberse hussenthalpie 
aus 
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: 
1A Q M 
YA (Mol Mol cal/ Mol ‘eae 
0,858 0,107 17,11 20,8 oF 
0,684 0,212 23,06 34,2 
0,530 0,285 23,72 39,1 
‘ 
0,444 0,341 24,31 39,7 
299 
0.322 0.380 18,49 33,0 
0.23 0,462 0,138 15,21 25,4 
0.950 0.031 0.582 3.460 7,52 12.2 
2,4 
0,842 0,113 0,601 6,951 68 32.0 
0.749 0.167 0.497 12.462 1g O5 45.2 
{ 75 0.253 0.34? 12.439 46.10 60.6 
0.444 0.356 0.287 17.810 39.15 60.8 
0.40] 0.3643 0.245 l $4.45 56.8 
. 0.311 0.416 0.188 11.689 28.01 46.4 
0,203 0,451 0,115 10,860 17,12 30,3 
0.963 0.032 0.845 6.04 6.9 
J 18 2 13,51 16,6 
0,095 0,176 0,402 +.845 16,57 28,7 
0,562 0,255 0,32 6,867 19,40 33,3 
0,464 0,302 0,261 13.884 19.99 35.5 
U.4Z I 16.399 18.90 0.1 
O.205 0,458 0) 9g 13.893 12.9] 
0,508 0,059 8,18 7,78 13,7 
i 
3 
= 
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Bild 4. Mischungswarmen der Systeme Chlortoluol—Benzol bei 25°C in cal/Mol Mischung: 
A, o-Chlortoluol-Benzol; B, m-Chlortoluol—Benzol; C, #-Chlortoluol—Benzol 


02 06 Oop 10 


Benzo 


5. Uberschussfunktionen der Mischsysteme Chlortoluol—Benzol bei 25°C: A, 
o-Chortoluol-Benzol; B, m-Chlortoluol—Benzol; C, p-Chlortoluol—Benzol 
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K. SCHWABE, A. SCHLAUBITZ UND W. W AGNER 
AGe RT YA In fa YR In fp 
und kann nach 


AG, =~ Ale — T ASp 


mit den 


gemessenen Mischungswarmen die Ubers« hussentropien berechnen. 


Diese Werte sind in Tabelle 3 und Bild ) zusammengestellt. 


Nach der von Guggenheim’ aufeestellten Iheorie strenge reguldrer 
Mischungen, deren Partner gleiche Molekilgrésse 
chtlich ihrer EntropieAnderung ideal. Fir diese 
bers¢ hussentropie gleich Null, und es gilt 


AG; Alp: AS; 


len nponenten im Critter austauschhar sind, ohne 


der Zusammensctzur die intermolekularen Abstinde 


isomeren Chlortoluole mit Benzol 
r Theorie, denn die 
gspartner ist nicht erfillt. 

4 sind 


lortoluol p-Chlortoluol 
1.2 Mol 118.7 em? Mol 


aultreten. 


Bild 6. Uberschusser tropien der Mischsvsteme Ch! bei 25 °( 4. o-Chortoluol 
Benzol; B, m-Chlortoluol-Benzol ; p-Chlortoluol-Benzol 
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K. SCHWABE, A. SCHLAUBITZ UND W. WAGNER 


Wenn jedoch das Guggenheim’sche Modell die tatsichlichen Mis¢ hungs- 
vorginge wiederzugeben vermag, so ist zu erwarten, dass die Uberschuss- 
entropien der drei Mischsysteme gleich oder doch zumindest ahnlich sind. 
Denn die Molekilgréssen der drei Isomeren unterscheiden sich kaum, so 
dass das Grdéssenverhaltnis zwischen den Mischungskomponenten stets 
gleich ist. Bei Austausch der Molekiilarten ware stets eine gleiche 
Anderung des Gittertypes zu erwarten. 

Ein Vergleich der in Tabelle 3 bzw. in Bild 6 wiedergegebenen Uber- 
schussentropien ergibt tatsichlich, dass sich die Werte fiir die drei Isomeren 
nicht wesentlich unterscheiden. Uber die zweifellos vorhandenen Unter- 
schiede, vor allem die grésseren Abweichungen bei det m-Verbindung, 


lasst sich allein auf Grund thermochemischer Messungen nichts aussagen. 


Diese Ergebnisse zeigen, dass die Guggenheim’sche Theorie zumindest im 
Sinne eines vereinfachenden Modelles das Verhalten der Mischungen zu 


beschreiben gestattet. 
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ETUDE THERMODYNAMIQUE DES REACTIONS 
DE DOUBLE DECOMPOSITION EN PHASES 
SOLIDES 


S. Groms et A. PACAULT 


Laboratoire de Chimie-Physique, Faculté des Sciences de Bordeaux, France 


GENERALITES SUR LES EQUILIBRES CHIMIQUES A L’ETAT 
SOLIDE 


Malgré le nombre élevé de réactions a |’état solide étudiées jusqu’a ce 
jour, trés peu d’équilibres chimiques ont été mis en évidence. 

En 1885, Spring! crut démontrer par analyse chimique |’existence de 
l’équilibre : 


BaSO, + Na,CO, = BaCO, + Na,SO, 


a température ambiante et sous une pression de 6000 atm. De nombreux 
auteurs*~* contestérent par la suite les résultats de Spring, sans cependant 
refaire ses expériences. 

Plus tard, en 1929, Tubandt et Reinhold® étudiérent les équilibres 
suivants a 200°C par la “‘ méthode des pastilles ” 


2 AgI + Cu,S = 2 Cul + Ag,S 


Ag,Se + Cu,S = Cu,Se + Ag,S 


Enfin en 1940, Wood et ses collaborateurs® mirent en évidence, par étude 
aux rayons X, |’équilibre: 


KBr + CsCl = KCI + CsBr 


obtenu a 400°C. 
Ce bref rappel historique montre que le nombre de travaux effectués 
dans ce domaine est fort restreint. 
Examinons les conditions indispensables 4 la mise en évidence de tels 
équilibres : 


Tout d’abord, pour que I’équilibre soit thermodynamiquement 
possible, il faut qu’au minimum deux des corps intervenant dans la 
réaction soient miscibles en toute proportion. L’existence d’une 
solution solide rend alors le systéme bivariant. 

La valeur absolue de l’enthalpie libre de réaction doit étre faible 

10 kcal), car autrement la mise en évidence d’une constante d’équi- 
libre trop forte ou trop faible nécessiterait le dosage de traces de 
réaction. 
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S. GROMB ET A. PACAULT 


Or le probléme du dosage des réactions a l'état solide est particuli¢rement 
délicat puisqu’on risque d’altérer la composition du mélange au cours du 


dosage. 


L’analyse aux rayons X devrait étre la méthode d’élection. En fait, 
la faible quantité de l’échantillon analysé, le grand nombre de raies 
obtenues rendent difficile une interpretation quantitative acceptable. 

La “ méthode des pastilles ” employée par Tubandt et Reinhold semble 
tres precise, mais n'est applicable que dans des cas trés particuliers. 

Il reste enfin l’analys« chimique par voie humide, dont l'emploi est lié 
a l’existence d’un solvant sélectif. 

36 ; Si l'on ajoute aux difficultés qui viennent d’étre énumérées que les 

a reactions entre solides sont lentes, c’est-a-dire que la durée d’obtention 
d’un équilibre peut varier, suivant les conditions, de quelques heures a 
des mois, le faible nombre de résultats obtenus dans ce domaine devient 
explicable. 

Nous étudierons successivement les résultats obtenus pour: 


2 systémes bivariants: 


syst¢me univariant. 


ETUDE DE L’EQUILIBRE 
BaSO, + Na,CO, = BaCO, + Na,SO, 


Cet équilibre fut étudié par Spring, mais il a été dit plus haut que les 
résultats de cet auteur furent souvent contestés. 

Aprés la mise au point d’une méthode de dosage convenable’. basée 
sur la dissolution sélective de Na,SO, et Na,CO, par une solution aqueuse 
a 10 pour cent de carbonate d’ammonium, les experiences de Spring 
furent retaites. 

Aucune trace de réaction n’a été observée A température ambiante, 
meme sous une pression de 14000 atm. Les résultats de Spring ne peuvent 
donc s’expliquer que par l’intervention d’une réaction au cours du dosage. 

Vu la faible valeur de |’ nthalpie libre de réaction calculable a partir des 
tables de constantes®, 


BaSO, + Na,CO, = BaCO, + Na,SO,; AG2gex ~ —1 A—2 kcal 
et l'existence d’une solution solide Na,(CO,,SO,) en toute proportion a 
haute température®-!*, nous avons pensé que l’équilibre était possible a 
haute te mpérature. 

Les expériences furent ainsi menées: deux grammes de mélange poudreux 
étaient introduits dans un creuset de platine et portés a la température 
désirée. En cours d’expérience, les mélanges étaient plusieurs fois sortis du 
four pour étre broyés au mortier afin de renouveler les surfaces de contact. 
La durée de l’obtention de |’équilibre variait de quelques heures a deux 
mois suivant la nature des mélanges et la température de |’expérience. 
Cet équilibre était déterminé par la limite commune de deux réactions 
inverses. 
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DOUBLE DECOMPOSITION EN PHASES SOLIDES 


Deux séries d’expériences ont d’abord été faites 4 700°C, la premiére sur 
les mélanges de composition initiale: 


BaSO, + A Na,CO, 


la seconde sur les mélanges: 


BaCO, + B Na,SO, 


A et B étant compris entre 0 et 5. 


Etude de la réaction BaSO, + A Na,CO, a 700°C 


L’équilibre a été mis en évidence au moyen de deux mélanges inverses: 


BaSO, + A Na,CO, et BaCO, + Na,SO, + (A—1)Na,CO, 


Soit p le rapport du nombre de moles BaCQ, a l’équilibre au nombre 
total d’ions SO,*~ de mélange, si l’on suppose qu’il se forme seulement la 
solution solide Na,(CO,,SO,) et que celle-ci est parfaite, la constante 
d’équilibre relative aux fractions molaires s’exprime par: 


XNagSO,4 


ky 


XNagCOg 


Figure 1. A, BaSO, + A Na,CO, a 700°C; B, BaCO, + B Na,SO, a 700°C 


Donec p doit varier linéairement avec A. La courbe A de la Figure 1 
représente la courbe expérimentale p = f(A). Cette courbe est une droite 
jusqu’a A = 1,6 environ. La mesure de la pente de cette droite a donné: 


K = 1,70 
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S. GROMB ET A. PACAULT 
Etude de la réaction BaCO, + B Na,SO, a 700°C 


Les deux mélanges inverses ont été étudiés: 
BaCO, + B Na,SO, et BaSO, + Na,CO, + (B—1)Na,SO, 


Appelons p’ le rapport du nombre de moles de BaSO, a l’équilibre au 
nombre d’ions CO,?> total dans le mélange. 
On peut montrer facilement que: 


Effectivement la courbe B de la Figure ] montre que les points expérimentaux 
s'alignent jusqu’a B = 2,6 environ, suivant une droite dont le coefficient 


angulaire a donné: 


= 1,76 


Interpretation des résultats 
Par deux séries de mélanges de compositions différentes, nous avons 


trouvé pour la constante d’équilibre: 


soit 


Par conséquent les points de la courbe A caractérisée par: 


K 


K+1 


doivent étre alignés jusqu’a A 1,58, mais pour A 2 1,58, p ne peut 


étre égal qu’a l'unité. Effectivement, pour A = 2, 3, 5, la réaction a été 
complete. 

De méme, a partir de B 2,73, la réaction doit étre compléte. En fait, 
des difficultés de dosage n’ont pas permis de déterminer p’ avec précision, 
Des expériences sont actuellement en cours pour résoudre cette difficulté. 


Calcul de l’enthalpie de réaction 
Si l'on suppose la solution solide parfaite, l’enthalpie libre de réaction 
est liée a A par la formule: 


= —RT log*K 


A 700°C, K 1,73 + 0,03, d’ot AG; = —(1065 + 34) cal 


Le calcul a partir des tables* de l’enthalpie libre de formation donne: 


—1200 cal 
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DOUBLE DECOMPOSITION EN PHASES SOLIDES 


Les résultats expérimentaux sont donc en bon accord avec les résultats 
obtenus par le calcul puisqu’on peut admettre? que AG° d’une réaction a 
l’état solide varie peu avec la température et surtout que |’imprécision sur 
la valeur de AG° calculée a partir des tables s’éléve 4 quelques kilocalories. 

Des expériences plus sommaires ont été faites sur les mélanges équimolé- 


culaires A 600°C et 500°C: 
a600°C K =1,95 
a500°C K = 1,98 


La faible valeur de l’enthalpie de réaction, AH}... = —1,7 kcal, calculable 
a partir des tables explique parfaitement la faible variation de K avec la 
température. 


ETUDE DE L’EQUILIBRE 
BaSO, + K,CO, = BaCO, + K,SO, 


L’existence d’une solution solide K,(SO,,CO,) a haute température? 
permettant la formation d’un équilibre, cette réaction a été étudiée par la 
méme technique expérimentale que celle décrite précédemment. 


1,0 


Cc 
1 2 3 


4 5 


AB 


Figure 2. A, BaSO, + A K,CO, 4 650°C; B, BaCO, + B K,SO, a 650°C; C, BaCO, + 
B K,SO, a 700°C 


Equilibre a 650°C 


La droite A de la Figure 2 rend compte des résultats obtenus au moyen 
des mélanges: 


BaSO, + AK,CO, et BaCO, + K,SO, + (A—1)K,CO, 
Le coefficient angulaire de la droite A permet de calculer: 
kK, = 50 
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La droite B de la méme figure a été obtenue avec les mélanges: 


BaCO, + BK,SO, et BaSO, + K,CO, + (B—1)K,SO, 


Son cocethcient angulaire a donné: 


A, 36,0 


En fait, la constante A, déterminée A partir de la droite A est trés 


imprecise puisque un tres faible changement de pente de cette droite 


entraine une grande variation sur A,; ainsi la droite représentée en tirets 


qui ¢st presque confondue avec la droite A correspondrait a une constante 
A x 
Par contre, les deux droites en tirets contenant la droite B ont donné: 


A. 


donc cette derniére valeur que nous adopterons pour la constante 


uilibre 650 


Equilibre & 700°C 


La courbe C a été obtenue avec les mélanges (B). La pente de la droite 


nne 


29 +2 


Calcul des fonctions thermodynamiques 


» n suppose la solution solide K,(CO,,SO, partaite, on peut calculer 


l‘enthalpi bre de réaction aA partu des constantes d équilibre s déterminées 


AG, 6510 160) cal 


AG 6470 140) cal 


L’absence de données sur le carbonate de potassium ne permet pas le 


a de AG a partir des table par contre on peut verifier que, comme 


pour la plupart des réactions A |'état solide’ 


AG}. ~ AH: 


En effet, a partr des tables, on obuent 


AH... 9800 cal 


le méme ordre de grandeur en calculant AH” A partir de 


moyen de la formule 


log A AH 
RT? 


9000 cal 


247, 451 (1958 la valeur A 26+ 2a &é 


La valeur A 24 2 semble meilleure 
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DOUBLE DECOMPOSITION EN PHASES SOLIDES 
ETUDE DE LA REACTION 
BaCO, + Li,SO, = BaSO, + Li,CO, 


L’absence de solution solide Li,(CO,,SO,) est connue déja depuis fort 
longtemps'®. Le calcul de l'enthalpie de réaction* a partir des tables 
donne: 


BaCO, + Li,SO, = BaSO, + Li,CO,; AH},~ —6,61 kcal 


Par conséquent, contrairement aux réactions précédemment étudiées 
avec le sodium et le potassium, cette réaction: 


doit se faire dans le sens de la formation du sulfate de baryum, car 

AG’ =~ <0; 

doit se faire complétement puisque le mélange des quatre sels constitue 

un systéme univariant. 

Afin de vérifier ces résultats, divers mélanges ont été étudiés A 530°C 
la température de fusion la plus basse est 540 

Les mélanges BaSO, + A Li,CO, n’ont donné aucune trace de réaction 
au bout de quinze jours. Par contre, les mélanges BaCO, + B Li,SO, 
ont réagi enti¢rement dans les mémes conditions. Ces expériences con- 
firment donc que le systéme constitué par les quatre sels BaSO,, BaCO,, 
Li,SO,, Li,CO, est bien un systéme univariant. 

CONCLUSION 

I] ressort de l'étude précédente que des équilibres thermodynamiques 
peuvent étre obtenus a |'état solide. 

La détermination de la constante de ces équilibres permet d’atteindre 
les fonctions d'état de la transformation. Les valeurs ainsi déterminées 
et celles obtenues par d'autres voies et rassemblées dans des tables sont 
suffisamment voisines pour qu’on puisse admettre que les grandeurs 
d’excés de ces transformations sont négligeables et qu’en conséquence les 
systémes en réaction se comportent sensiblement comme des systémes 
parfaits. Des études en cours confirment encore ce point de vue. 

Enfin, l'étude des réactions a l'état solide permet de détecter |’existence 
de solutions solides. 


Ainsi les résultats obtenus pour les réactions: 
BaSO, + Na,CO, = BaCO, + Na,SO, 
BaSO, + K,CO, BaCO, + K,SO, 


permettent d’affirmer que dans chaque cas il n'y a qu'une seule solution 
solide formée, respectivement: 


Na,(CO,,SO,) et K,(CO,,SO,) 
Par contre, au cours de la réaction: 
BaCO, + Li,SO, = BaSO, + Li,CO, 
il n’y a pas formation de solution solide. 


* L’enthalpic libre ne peut étre calculée A cause du manque de données sur le sulfate d 


lithium 
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ETUDE THERMODYNAMIQUE 
D’UN HALOGENURE MIXTE DE CUIVRE 


PERRET 


Laboratoire de Chimie M.P.C., Faculté des Sciences, Dijon, France 


INTRODUCTION 


Les halogénures mixtes, de formule générale MXmYn, ott X et Y 
désignent deux atomes d’halogénes différents, appartiennent a une classe 
de corps dont l'étude des propriétés ne semble pas, 4 quelques exceptions 
prés, avoir été abordée jusqu’ici. Un certain nombre d’entre eux ont bien 
été signalés, le plus souvent en solution, mais leur existence, a |’état 
cristallisé, semble parfois douteuse encore. Seuls, quelques halogénures 
mixtes de fer(III) et de chrome(III) ont été étudiés, et leurs propriétés 
thermodynamiques, leurs tensions de dissociation et leur structure cristalline 
sont connus. 

Les auteurs de ces travaux n’ont étudié que quelques composés mixtes 
particuliers, et ne semblent pas s’étre intéressés au probléme de la prévision 
générale d’existence de ces corps. En se basant sur les résultats acquis 
pour les quelques halogénures mixtes étudiés, nous proposons une méthode 
qui permet de prévoir l’existence de tels composés d’un métal, par une 
évaluation de leurs propriétés thermodynamiques normales a 25°, a partir 
des valeurs, en général connues, des propriétés thermodynamiques normales 


des halogénures simples. 

Cette méthode est appliquée au cas des halogénures mixtes de cuivre; 
et, dans le cas du chlorobromure cuivrique, les valeurs calculées des 
grandeurs thermodynamiques seront comparées aux valeurs expérimentales, 


PREVISION DE LA STABILITE DES HALOGENURES MIXTES 
Cas des halogénures mixtes de fer(III) et de chrome(III) 


Quelques halogénures mixtes métalliques sont connus depuis longtemps: 
dés 1893, Lenormand! signalait avoir obtenu le chlorobromure de fer 
FeCl,Br, stable 4 la température ambiante et cristallisé en larges plaquettes 
hexagonales. L’étude de tels composés n’a été reprise que ces derniéres 
années; et les valeurs thermodynamiques n’ont été données, semble-t-il, 
que pour le chlorobromure de fer FeCl,Br et les chloroiodure et bromoiodure 
de chrome CrCl,I et CrBr,I ( Tableaux J et 2). 

Dans la série des halogénures mixtes du fer et du chrome, seuls sont 
connus les composés suivants: FeCl,Br, CrCl,Br, CrCl,I et CrBr,I. 
D’autres composés peuvent-ils cependant exister ? 

De tels halogénures seront stables si, dans leur réaction de formation a 


partir d’un halogénure et d’un halogéne, 


MX, + 4 Y, @ MX,Y 


l’enthalpie libre normale de formation MX,Y est inférieure a l’enthalpic 


101 


i 
4 
ue 
: 


RENE PERRET 


Constantes thermodynamiques normales des halogénures de fer 


H G S 


Ref kcal/mole kcal/mole u.e. 
2 168 157,6 20 

5 20,79 
+ 81,5 72,2 28.6 
2 - 81,9 72,2 28,7 
5 81.5 

6 81.8 

4 — 60 

2 67,3 57,5 32 
5 - 58 7 

3 — 30 

2 +5 35,2 36 
v4 235 219 25 
96.8 

2 96 82 39 
7 93,5 78,6 36,9 
5 93,4 

95,7 

2 76 61,6 46 
% 75 99 42 
) 62.8 

9 87 - 73 43 
5 82,9 


onstantes 


thermodynan 


Ref Kca le kcal IT le u.e¢ 
1a} 
16] 
2 182 172 20 
t 94,5 85 21,4 
2.10 9) — 88 27,7 
ll 95.6 
12 93,9 
13 92.75 
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libre normale de formation de MX,. Les enthalpies libres normales 
molaires de formation de ces divers composés solides hypothétiques peuvent 
étre approximativement évaluées. La relation: 


AG*(MX,Y) = AH°(MX,Y) — 298,1 [S°(MX,Y) — S°(M) 
S°(X,) — 4 S°(Y,)] (1) 
relie l’enthalpie libre normale de formation du composé MX,Y a 25°, a 
l’enthalpie normale de formation AH” et aux entropies absolues S° (toutes 
ces quantités se rapportant aux substances prises dans l'état de référence: 
P 1 atm, 7 298°K). La connaissance des données enthalpiques et 
entropiques permettra l’évaluation de l’enthalpie libre normale du 
composé MX,Y considéré. 
L’enthalpie normale de formation peut étre reliée 4 des données que 
l'on connait ou que l’on peut essayer d’évaluer au moyen du cycle de 
Born—Haber mis sous la forme simplifiée: 


AH°(MX,Y) = H°(M**(¢.)) + 2H°(X-@)) + A°(Y-@)) —U (2) 


ou. U est l’énergie de réseau du composé MX,Y considéré. Pour les 


composés étudiés, de la série du chrome et du fer, seules manquent les 


énergies de réseau. Les autres valeurs sont connues. 
Les méthodes proposées pour le calcul direct de l’énergie de réseau ne 
sont pas applicables dans le cas présent: le calcul suppose que les cristaux 


MF, 


| 
+ 


1300 1400 
U(AIX,) kcal/mole 


Figure 1 
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sont ioniques, ce qui n'est vrai, approximativement, que pour les métaux 
alealins et alcalino-terreux. La méthode graphique proposée par 
Karapet’yants'* qui a montré l’existence de relations linéaires entre les 
énergies de réseau expérimentales de séries homologues d’halogénures 
simples, peut permettre, par extrapolation, la détermination d’énergies de 
réseau inconnues: l’énergie de réseau de Fel, peut étre évaluée de cette 


maniére (Figure 1); on pourra donc tracer la droite caractéristique du 
couple considéré halogénures de fer(III)—halogénures de chrome(IIT) 


(Figure 2). 


Fer FeCl, FeBr, 
el} FeBr, FeCl; Fel, 
E | | |Feci,Br | 31400 
| A 
| 


CrCl, 
200 


T 
| 


Figure 2 Figure 3 


FeCl,Br posséde une structure cristalline semblable a celle des chlorure 
et bromure ferriques*. I] en est de méme pour les halogénures mixtes de 
chrome(III) dont les parametres cristallins s’intercalent dans la série des 
parametres cristallins des trihalogénures!®. I] parait donc valable de 
supposer que les points représentatifs des halogénures mixtes vont se placer 
sur la droite carac téristique du couple considéré, halogénures de fer(III), 
halogénures de chrome(III), d’autant plus que leurs structures sont presque 
équivalentes a celles de solutions solides idéales de MX, et MY,. Cette 
méthode est toutefois de portée limitée dans le cas présent, les données 
utilisables pour les halogénures mixtes étant trop peu nombreuses. 

Une autre méthode parait plus fructueuse. En portant en ordonnée 
les énergies de réseau des quatre halogénures simples d'un métal, et en 
abscisse la somme des rayons ioniques cristallins 2!-®4, jl] a été observé2(4). 18 
que les points obtenus pour les fluorure, chlorure et bromure se placent sur 
une droite de pente négative, le point obtenu pour l’iodure se place quelque 
peu au dessus de cette droite, mais il est toujours possible de tracer une 
courbe passant sur ces quatre points (Figures 3 et 4): une telle courbe est 
caractéristique de la série des divers halogénures du métal considéré, On 
peut émettre lhypothése que, d’une facon générale les points représentatifs 
des halogénures mixtes seront également situés sur cette courbe; cette 
hypothése est justifiée, puisque les points correspondant aux corps connus, 


104 


| 
~ | 
| | 
: 
= 


ETUDE THERMODYNAMIQUE D’UN HALOGENURE MIXTE DE CUIVRE 


a FeCl,Br (Figure 3) comme a CrCl,I et ClBr,I (Figure 4) se placent correcte- 
ment sur les courbes considérées. Comme les rayons ioniques cristallins 
sont connus (Tableau 3) les énergies de réseau des halogénures mixtes 
inconnus et hypothétiques pourront se déduire des courbes précédentes; 
de plus, les points correspondant aux valeurs trouvées par cette méthode 
se placent correctement sur la droite caractéristique du couple halogénure 
de fer(II1)—halogénure de chrome(III) (Figure 5). 


kcal/mole 


5 


Figure 4 


Tableau 3. Rayons des ions cristallins 


Br Fe** Cr*+ 


Rayons ioniques (A) | 1,96 2,20 | 0,65 | 0,62 


Les valeurs trouvées pour les énergies de réseau et les enthalpies normales 
de formation qui s’en déduisent, sont rassemblées dans les Tableaux 4 et 5. 
Pour calculer l’enthalpie libre normale a partir de l’équation (1), il 
convient de connaitre les diverses entropies absolues; ces valeurs sont 
estimées par la méthode de Latimer®® qui, bien qu’approchée, permet du 
moins une précision supérieure a celle que peuvent fournir les autres formules 


de secours. 
Les variations des enthalpies libres normales AG° des réactions de 
formation des halogénures mixtes de fer(III) et de chrome(III) sont 
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Fel, FeBrs FeCl, 
FeCl,8r 
‘ar 


kcal/mole 


1400 
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= 
rer 
— = 4 
1200 130% 
U (Fenty) 
Figure 5 
] Constar ert na s norma halowénures de fer III 
| 
Tei tar na new les haloeénur e chrome(IIl 
Cr} | 275 95.1 208 : 
CrF 0,7 174 
4 
Crt Jt } 113 
: 
106 


ETUDE PHERMODYNAMIQUE D'UN HALOGENURE MIXTE DE CUIVRE 


rassemblées dans les Tableaux 6 et 7, ainsi que les valeurs précédemment 
obtenues pour les trihalogénures. 


Si tous les halogénures de chrome hypothétiques peuvent étre considérés 
comme stables, il n’en est pas de méme des halogénures de fer: outre 
liodure ferrique que l'on savait déja étre instable—et les résultats le 


confirment—aucun des halogénures mixtes supposés, contenant de l’iode, 


Tableau 6 


Enthalpies libres normales des réactions de formation des halogénures de fer(III) 


AG* (kcal/mole) 


gt FeF uc.) 62 
gt 8 
g FeBrac.) 3 
gt Feluc., 29 
gt FeF 16 
FeF Bric.) 2 

2 

=z 

= 

z 


Tableau 7. Enthalpies libres normales des réactions de formation des 
halogénures de chrome(III 


AG* (kcal/mole) 


g CrF yo — 78 
CrCl, — 30 
16 
CrF,Ci,. 36 
CrF, Bric.) 26 
CrF, 2 
= CrCl, Br,, 25 
CrCl 6 
CrBr, 7 


n'est stable; par contre, les trois autres halogénures mixtes peuvent étre 
considérés comme suffisamment stables pour qu’il soit permis d’espérer les 


obtenir cristallisés. 


Application aux halogénures mixtes de cuivre 

Cette méthode de calcul des énergies de réseau peut étre étendue a 
d'autres séries d’halogénures métalliques, et permet, en particulier, le 
calcul des énergies de réseau et par suite, celui des enthalpies libres normales 


des halogénures mixtes de cuivre(II). On utilise la courbe caractéristique 


de cette série d’halogénures (Figure 6), construite 4 partir des énergies de 


réseau*. ** et de la somme des rayons ioniques des halogénures simples. 


On en déduit l’enthalpie de formation de ces composés (équation 2) et, 
connaissant les valeurs des entropies normales*®, on peut évaluer leur 
énergie libre normale de formation (Tableau 8). Les variations d’enthalpie 
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Figure 6 


Tableau 8. Constantes thermodynamiques normales des halogénures cuivriques 
) q q 


U AH*(CuXyYie¢ S*(CuXY\¢ AG*(CuXYie 


kcal/mole kcal/mole ue kcal/mole 


728 120 
663 
631 


691 
682 
670 
658 
t44 
638 


libre normale AG* des réactions de formation a partir d’halogénure simple 
et d’halogéne, sont rassemblées dans le Tableau 9. 

L’examen de ce tableau montre que, de tous les composés supposés, seuls 
peuvent étre considérés comme stables CuFCl, CuFBr et CuClBr. En 
fait, nous avons laissé de cété les dérivés fluorés (CuF est instable et se 
dismute en CuF, et Cua 25°C). Ces résultats sont en accord avec les con- 
statations faites lors d’essais de préparation du CuCIBr, CuClI et CuBrl: 
seul a pu étre préparé CuCIBr, poudre noire, trés hygroscopique et d’aspect 
semblable aux chlorure et bromure cuivriques. 
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Tableau 9. Enthalpies libres normales des réactions de formation 
des halogénures cuivriques 


AG° 
(kcal/mole) 


uF ie) 
uF 
uF ie) 

Che) 
UBrie ) 


uCIBrie.) 
uCl lie ) 
) 


AL 


Etude du chlorobromure cuivrique 


Les modes de préparation du chlorobromure cuivrique par voie humide 
n’ont pas été utilisés: malgré une desiccation sous vide poussé, en presénce 
d’anhydride phosphorique, on ne parvient pas a éliminer toutes les inclusions 
de solvant et les pressions de dissociation mesurées sont trés nettement 
supérieures aux valeurs réelles*’, 

La préparation par voie séche met a profit la réaction de formation 
CuCl + 4Br, @ CuClBr. Le chlorure cuivreux, obtenu par voie humide 
(action de l’acide chlorhydrique R.P. sur du cuivre électrolytique) est 
desséché sous vide & 300° pendant plusieurs heures; en le maintenant 
ensuite & une température de 150° sous une pression notable de brome, la 
réaction est compléte au bout de quelques heures; on laisse ensuite 
refroidir sous brome, puis le produit obtenu est laissé sous vide poussé 
pendant un temps suffisant pour éliminer les vapeurs résiduelles de brome. 

Une analyse gravimétrique, faite avec une balance MacBain, montre 
que le corps obtenu correspond bien a la formule CuClBr, 

Les tensions de dissociation ont été mesurées a l’aide d’un manométre 
photoélectrique et d’un isotensioscope 4 acide phosphorique. 

Le manométre de verre a détection photoélectrique, mis au point au 
laboratoire®’. *, a été décrit précédemment et nous n’y avons apporté que 
de légéres modifications. L’élément de détection (Figure 7) est une 
membrane de verre M, trés mince, au centre de laquelle appuie une tige 
de verre T, dont l’autre extrémité est soudée 4 un ressort en tungsténe R, 
lui-méme soudé a la paroi interne du tube de compensation C, Cette 
tige supporte une lame P, demi-cylindrique, de diamétre trés légérement 
inférieur au tube C, 

Deux autres lames, L et L’, sont fixées au tube C et ménagent deux 
fentes fines entre elles et la lame mobile P. Une source lumineuse éclaire 
ces deux fentes qui délimitent deux faisceaux distincts; aprés avoir traversé 
une lentille cylindrique D, ces deux faisceaux tombent sur deux cellules 
photoélectriques E et E’ en opposition aux bornes d’un galvanomeétre G. 

Quand la méme pression régne de part et d’autre de la membrane, le 
galvanométre G ne dévie pas; mais il dévie dans un sens ou dans |’autre 
lorsque |’équilibre des pressions n’est plus réalisé: le dispositif de détection 
est basé sur une méthode de zéro de grande sensibilité. 
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Le zéro est en prin ipe indépendant de l’intensité de la source; en fait, 
comme les cellules E et E’ n'ont jamais exactement la méme sensibilité, 
on rend la luminance de la lampe constante en montant son filament sur 
l'un des bras d’un pont de Wheatstone que |’on maintient équilibré. Une 
cellule photoélectrique auxiliaire A permet un controle constant de la 
luminance de la lampe. 

La Figure 8 montre l'ensemble du dispositif expérimental. L’ampoule 
manométrique, contenant le produit étudié, plonge dans un four muni 
d’une régulation fine. La température est mesurée par la méthode potentio- 
metrique, au moyen de couples platine—platine rhodié. 

Pour éviter tout risque d’hydratation, la synthése du produit est réalisée 
dans l’'ampoule méme. On a don prévu un ensemble F de piéges (a air 
liquide, 4 anhydride phosphorique, a charbon actif) et une réserve de 
brome B. La synthése terminée. l'ampoule est scellée sous vide. Le vide 
est établi dans le tube de compensation par le robinet R,. Les robinets 
R, et R, permettent d’ajuster finement la contrepression. 

L’isotensioscope I qui sépare le mercure du brome émis, est rempli 
d’acide phosphorique pur (Figure 9). Le produit étudié est disposé dans 
l’‘ampoule A, placée dans un four muni d’une régulation fine de température. 
Les variations de températures doivent toujours étre lentes, pour permettre 
une compensation continue de pression. 

Pour éviter une condensation de brome lorsque la tension de dissociation 
devient égale a la tension de vapeur du brome a la température ambiante 
la tension de vapeur du brome est d’environ 200 mm de mercure a 20°C) 
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Figure 8 


tout l’ensemble est placé dans un vaste thermostat Aa air T, maintenu a 
60°C (dispositifs de commande et de régulation M et M’) ce qui nécessite 
introduction d’une correction due a la tension de vapeur de l’acide 
phosphorique. Un jeu de robinets permet la compensation des pressions. 

Comme pour le manométre 4 membrane de verre, la synthése du produit 
est réalisée dans l'appareil méme. 


Nous avons réalisé plusieures séries d’expériences, avec des échantillons 
différents de chlorobromure cuivrique. Les résultats obtenus sont com- 
parables. L’équilibre a été abordé par températures croissantes et tem- 
pératures décroissantes; a chaque palier de température, il convient 
d’attendre que |’équilibre soit complétement atteint, ce qui peut demander 
plusieures heures 4 basse température. 


Figure 9 
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Les résultats expérimentaux sont reportés sur les Figures 10 et 11. 
La droite expérimentale de la Figure 11, ou ont été portés en ordonnée le 


logarithme décimal des tensions de dissociation et en abcisse l’inverse des 
temperatures absolues, a pour équation: 


3448,2 


7 + 5.63 


log p(atm 


I] est intéressant de comparer les valeurs calculées par notre méthode, 
aux valeurs expérimentales des enthalpies libres normales et enthalpies 
normales de la réaction ( Tableau 10 


CuClic) + CuClBr¢, 


Compte tenu des approximations faites, la concordance nous parait 


Sauusiaisante. 


ution: CuCl, Broa.) CuClBrie 


AH® (kcal mole 


Expérimentale 


15,800 


nde urs thern que nNOTINALE le Cul 


H® (kcal/mole 


xpérimentale 


35,1 


Nous avons également reporté sur la Figure 1] les résultats trouvés?®-*! 
pour les tensions de dissociation de Cu( l, et nos propres résultats pour les 
tensions de dissociation de CuBr, : 


3846.3 
7 


log p(atm 6.81 


qui, un peu différents, mais du méme ordre de grandeur que ceux donnés 


dans des travaux récents?’. 


, Sécartent eux aussi considérablement de 
ceux donnés dans des travaux plus anciens*?, 


A partir des valeurs des grandeurs thermodynamiques normales, a 
25°, du chlorure cuivreux?: #. 2%, les grandeurs thermodynamiques normales 


du chlorobromure cuivrique peuvent étre calculées (Tableau 10). 


CONCLUSION 


Les fonctions thermodynamiques normales d’halogénures mixtes hypo- 


thétiques MXmYp, qui peuvent étre évaluées avec une précision satis- 


faisante, lournissent le moyen de prévoir l’existence de tels composés. Les 
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valeurs calculées par cette méthode pour le chlorobromure cuivrique, sont 
en bon accord avec les valeurs tirées de l'étude de la réaction de dissociation : 


CuClBr = CuCl + } Br, 


Cette réaction est réversible et la combinaison, par voie séche, du brome 


gazeux sec et du chlorure cuivreux calciné sous vide, conduit facilement, 


de facon stoe« hiométrique, 4 un produit parfaitement anhydre. 


Les halogénures mixtes appartiennent a une classe bien particuliére de 


corps et il ne semble pas que l'on doive les envisager comme des solutions 


solides idéales d’halogénures simples; on peut les considérer comme des 


rps parfaitement définis, intermédiaires qui sintercalent entre les halo- 


enures simples. 


Dans le cas particulier du chlorobromure cuivrique, la décomposition 


ne 
juc 


, Suivie par gravimetric, aboutit toujours au chlorure cuivreux: 


‘a reaction suit vraisemblablement le schéma le plus simple envisagé 


precedemment, CuCIBr @ CuCl } Br,, sans qu'il soit nécessaire de 


recourir a un schéma de réaction plus compliqué et probablement moins 
| pig 
vraisemblable, tel que CuCl, CuBr, = 2 CuCl + Br,. 


De plus, le chlorobromure cuivrique posséde un diagramme de rayon 


xX propre Ce diagramme de poudre parait s'intercaler entre ceux obtenus 


pour le chlorure et le bromure « uivriques, bien qu'il soit nettement différent 


de chacun d’eux. Dans un prochain travail, nous nous proposons de 
preciser les proprictes cristallines du chlorobromure et d’en comparer la 


structure aux structures connues, des chlorure et bromure cuivriques, 


je tens, en terminant, remercier Monsieur le Professeur Barret de I intévét 


puenvetiiant @ porté a la réalisation de ce travail. 
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EQUILIBRIUM STUDIES ON DISULPHIDES 
USING VAPOUR PHASE CHROMATOGRAPHY* 


C. J. OLANpeR and S. SunNER 


Thermochemistry Laboratory, University of Lund, Sweden 


It is a well-known fact that disulphides undergo disproportionation 
reactions according to 


R‘SSR’ 


+ R’SSR” = 2R’SSR” 


This reaction has been used particularly for the synthesis of unsymmetrical 
disulphides'-* and McAllan et al.’ have shown that the position of the 
equilibrium depends on the nature of R’ and R”. When R’,R” are n-alkyl 
groups the expected statistical distribution (R’S),: R’R’’S,: (R’S), 
is reached, whereas for R’ Et and R” sec-Bu and tert-Bu the ratios 
were found to be close to 1 : 4,5: 1 and 1 : 6: 1, respectively. 


The disproportionation reaction occurs either in the presence of an ionic 
catalyst such as NaOH, Na,S, or éert-BuSNa, or upon irradiation with 
ultra-violet light. 

During the course of an investigation on the energetics of the disulphide 


bond it became important to determine the equilibrium constants for a 
number of dialkyl disulphides. Calvin e/ al.* used the u.v.-spectrophoto- 
metric method to determine the equilibrium constant for a slightly different 


type of reaction, namely 


BzSSBz + HS(CH,),SH # 2BzSH + $(CH,),S 


This method could be used in this case as the 1,2-dithiolane ring has an 
absorption maximum at 330mp, whereas open-chain dialkyl disulphides 
show a peak at ca. 250 my. 


DISCUSSION OF METHOD 


Vapour phase chromatography provides an obvious solution to the 
problem of finding an appropriate method for the separation and quantitative 
determination of the homologous dialkyl disulphides. This technique 
seems to offer a number of advantages for equilibrium studies, particularly 
on fairly simple systems. 


(1) The separation efficiency can be made very high. The quantitative 
separation of e.g. Et,S,, ~PrEtS, and i-Pr,S, can be achieved on a column 
only 120 cm in length. 

2) The presence of impurities formed in side reactions is instantaneously 
revealed in the chromatogram. 

(3) The analysis is rapid, a run being completed within ca. 20 min. 
It is therefore frequently possible to determine the reaction rate by analysing 


samples from time to time. 
*Published in Acta Chem. Scand., 14, 1509 (1960) 
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+t) The size of the sample can be very small—with a sensitive detector 
as little as 0-025 yl is sufficient. Thus, equilibrium conditions can be 


studied in a gas mixture at low pressures without increasing the volume of 
the system inconveniently. 


I'wo conditions must be fulfilled to make the vapour phase chromato- 
graphic method useful. 


|) A linear relationship must exist between the amplified signal from 
the detector and the amount of substance passing the detector per unit 


time. Then the area under the peak of the chromatogram must be pro- 
portional to the total amount of substance. Within certain limits this can 


be achieved with different types of detectors, although some of them require 


carefully controlled operating conditions. 


) 


2) Usually, the chromatographic column is operated at a temperature 
different from that at which the equilibrium is studied. It is therefore a 


necessary requirement that no reaction takes place on the column. 


Both conditions can easily be tested with mixtures of known composition, 


Calculation 


To a good approximation, the equilibrium constant for the disproportion- 


ation reaction taking place in an inert hydrocarbon solution can be written 


A 


m 


11 Mos 


where m,, and my, are the molalities of the two svmmetri al disulphides 


and m,, that of the unsymmetrical one. In a sample, the ratio between 
two molalities is identical with the ratio between the number ol moles, n, 
of the corresponding components. The vapour phase chromatograph is 


operated under such conditions as to fulfil the relation » 


ki yj, where 


is a constant and y an area under a peak on the chromatogram, & and y 
being both related to the component 1, In the present case one of the 


reaction participants can be used as a reference substance. thus 


Hen e 


Nis Nia Vie Vie 
12 12 J 12. Jie 
A — — 
Nyy Nee Ji J 22 


The two constants & are evaluated from calibration experiments with known 


mixtures of disulphides and the areas y are measured with a planimeter 
or an electronic integrator. 


EXPERIMENTAL 


In the present investigation a Pve Argon chromatograph was used with 
a 5 mm column, 120 cm in length. filled with 100-120 mesh size crushed 
brick stone containing 5 per cent by weight of Apiezon grease L. For 


the pair of disulphides, Me,S, and Et,S,, the temperature was kept at 
104°C, 
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Calibration was carried out with all three pairs of disulphides. Mixtures 
of dimethyl and diethyl disulphide in the molar ratios 2 : l,l: land1:2 


gave values of the corresponding constant, k’”’, 


x— 
J 22 


equal to 0-89 + 0-22, 0-91 + 0-03 and 0-88 + 0-03, respectively. The 
methyl ethyl disulphide was prepared by the disproportionation reaction 
and the mixture was carefully distilled. A fraction containing 96 per cent 
of MeEtS, and 4 per cent of Me,S, (as determined by vapour phase 
chromatography) was used and appropriate corrections for the presence of 
Me,S, were applied. The two constants were found to be: k’ 1-03 + 
0-02 and k” = 0-96 + 0-22. The ratio k’’/k’, which by definition is equal 
to k’’, thus becomes 0-93 + 0-03, to be compared with the experimental 
average) value 0-90 + 0-02. When Apiezon grease was used as the 
stationary phase no detectable disproportionation reaction occurred on 
the column. 

All experiments were carried out in a cyclohexane solution and the total 
concentration of disulphides present was in most cases kept close to one 
mole per litre. The equilibrium was reached from both sides and the 
equilibration was brought about both by an ionic catalyst (NaOH) and 
by irradiation with light from a low pressure mercury lamp. Experiments 
were carried out at 25°C and at 60°C. The solutions treated with sodium 
hydroxide were kept in 7 x 100 mm test-tubes with ground glass stoppers. 
The catalyst was deposited as a very thin film on the inner surface of the 
tube before the solution was introduced. The irradiated solutions were 


kept in quartz tubes. Under the prevailing conditions equilibrium was 
established within 4 days in experiments with NaOH or within 4 hours 
of irradiation. 


RESULTS 
The results from the measurements on the pair dimethyl disulphide and 
diethyl disulphide are summarized in Table J. The third column gives 
the side from which equilibrium has been reached. From the table it is 


evident that a true equilibrium has been reached and that the temperature 
dependence of the equilibrium constant is less than the uncertainty of the 
results. 


Table ] 


Treatment Starting 


from 


| 


25 NaOH symm. 5-2 + 0-2 
25 light symm. 5-0 + 0-2 
25 NaOH unsymm. 5-4 0-1 
25 light unsymm. 5-7 0-2 
60 NaOH symm. 5-1 + 0-2 

NaOH unsymm. 56 + 0-1 


This investigation has been carried out under Contract AF 61 (052)-46 with 
Aw Research and Development Command, United States Air Force, through its 
European Office. 
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ZUR THERMOCHEMIE DER 
TRITHIOKARBONATE* 


G. Gatrow 


Anorganisch-chemisches Institut der Universitat, Gottingen, Deutschland 


Kiirzlich konnte durch Bestimmung der Dampfdrucke von Zn, Se und 
Te gezeigt werden', da®B das modifizierte Verfahren zur Messung von 
Dampfdrucken nach Baur und Brunner? allgemein anwendbar ist und 
gréBenordnungsma Big gleich genau zu sein scheint wie die bisher bekannten 
Verfahren. 

Dieses statische Verfahren beruht auf der Ermittlung des Siedepunktes 
einer Substanz bei vorgegebenem Druck. Das Fiillgas des Verdampfungs- 
gefaBes, das die Substanz enthalt, ist durch einen Quecksilber-Tropfen, 
der sich in einer horizontalen Glaskapillare (mit eingeatzter mm-Strich- 
teilung) befindet, von einem groBen Vorratsvolumen abgetrennt (nadhere 
Einzelheiten siehe'). Bei kontinuierlicher Temperaturerhéhung bewegt 
sich der Hg-Tropfen nur sehr wenig (entsprechend der thermischen 
Ausdehnung des Fiillgases), bis die Siedetemperatur unter dem vorgegebenen 
Druck erreicht ist, worauf der Tropfen mit einer ziemlich schnellen, aber 
konstanten Bewegung antwortet. Zur Auswertung der Versuche wird die 
Lage des Hg-Tropfens (in Skalenteile) gegen die jeweilige Temperatur 
aufgetragen; die Siedetemperatur wird graphisch ermittelt (Abd. /). 


/ 
/ 


— 


SS 
°c 


Skalenteile 


TT 


Abb. 1. Lage des Hg-Tropfens mit steigender Temperatur 


Die Methode ist sowohl fiir tiefere* (30°C) als auch fiir hohe Tempera- 
turen* (1300°C) und im Druckbereich zwischen etwa 5 und 150 mm Hg 
anwendbar; sie liefert reproduzierbare Ergebnisse, sofern die Aufheiz- 
geschwindigkeit nicht 5,5°C/min itiberschreitet. Die benétigte Substanz- 
menge ist von Substanz zu Substanz verschieden und betragt ca. 100 bis 


500 mg; Dauer einer Messung: ca. 30 min. 


* Bestimmung von Dissoziationsdrucken nach dem Verfahren von Baur und Brunner®. 
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Untersuchungen an T1,CO, zeigten, daB diese Methode universell fir 
die Ermittlung von Dissoziationsdrucken anwendbar ist. Neben TI,CO, 
wurden die Dissoziationsdrucke von T1,CS, und BaCS, bestimmt, nachdem 
thermogravimetrisch der Zersetzungsmechanismus und durch isobaren 
Abbau die Gleichgewichtseinstellung der Systeme gesichert werden konnte: 


Og ) > ) (Gas) 
S3(test) > + 5 o(Gas) 


Ba Ss fest) > BaS crest) CS,Gas) 


Aus der Temperaturabhangigkeit der Dissoziationsdrucke wurden die 
freien Reaktionsenergien, die Bildungswarmen und Normalentropien dieser 
Verbindungen errechnit; die dafiir notwendigen Daten wurden. sowcit 
keine neueren Werte bekannt sind, dem Tabellenwerk von Kubaschewski 
und Evans® entnommen. Die Normalentropien von T1,S und BaS 
wurden nach Latimer* und Turkdogan’ berechnet und gemittelt 1,0: 
33.6 1.5; T1,S: 39,0 + 0,5; BaS: 21,5 1,0 cal Mol" 


N, >. Full 


Dissoziationsdrucke (in mm He 


1K pf 


166. 2), fir die Reaktionswirmen AHg, Reaktionsentropien AS», freie 
Energien AG der Zersetzunesreakti 


Temperatur! ch und fir die Bildungswirmen AH,.... und Normal- 


nen im wgemessencn 


entropien Sow, der festen Verbindungen in Tabelle 1 aufgefihrten 
Werte. 
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ZUR THERMOCHEMIE DER TRITHIOKARBONATE 


Die Messungen werden auf weitere Karbonate und Trithiokarbonate 
ausgedehnt. 


Tabelle 1. Thermochemische Daten von T1,CO,, T1,CS, und BaCs, 


TI,CO, 


Aufheizgeschwindigkeit (°C/min 3,0 + 0,5 
Fullgas 
Anzahl der Messpunkte 3 
lemperaturbereich (°C) : 45 320-360 
A 5, . 9,876 
B ; 17,506 
AHg (kcal/Mol 27, 2/, 45,2 
AS» (cal »2 1,3 66,9 
AH (kcal/Mol i+], 21, — 130,1 
ASegeex (cal J 2; + 3, 11,2 


*® Aus E.M.K.-Messungen erhielt Saegusa* cinen Wert von — 167,2 kcal/Mol. 
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THE HEATS OF COMBUSTION OF PHENOL 
AND THE THREE CRESOLS 


J. D. Cox 
National Chemical Laboratory, D.S.ILR., Teddington, Middlesex, U.K. 


Precise measurements of the thermodynamic properties of phenol and 
some of its homologues are being made in this Laboratory. As part of 
this programme, the heats of combustion of phenol and the three cresols 

methylphenols) have been accurately determined and are here reported; 
the heats of combustion of the six xylenols (dimethylphenols) will be 
reported elsewhere. 

The combustion calorimetry of the phenols involves the difficulty that 
these compounds are somewhat hygroscopic and are prone to oxidation 
by air or oxygen. Additionally, phenol and its lower homologues, although 
most are solids at 25°, have vapour pressures at 25° which are too great 
to permit their being placed unenclosed within a combustion bomb, when 
work of high precision is attempted. These problems were all overcome 
in the present work by sealing pellets of the solid phenols inside polyethylene 
bags, which were then placed inside the crucible of the combustion bomb. 
Experiments on m-cresol, a viscous liquid at 25°, were also conducted with 
samples sealed in polyethylene bags, in order to make the conditions of 
measurement closely comparable with those adopted for the solid phenols. 

The polyethylene bags were rectangular (25 mm x 30 mm; average 
mass 0-09 g), and were made from polyethylene film 0-05 mm thick. To 
make the edges of the bag, two surfaces of the film were sealed together 
by means of a low-temperature soldering iron having a wheel-and-axle bit. 
Pellets of a solid phenol were prepared in a “ dry-box”’ and were placed 
inside a weighed open-ended polythene bag; in the case of m-cresol, the 
liquid was pipetted into a weighed bag. The bag was then sealed, and 
the whole weighed. The bag and contents were placed inside the platinum 
crucible of the bomb!: *, and platinum fuse wire, connected to the bomb’s 
firing circuit, was placed in contact with the top surface of the bag. With 
this arrangement, passage of a current through the fuse wire always ignited 
the bag and its contents, no kindling material other than the bag being 
required. 

The general technique used in the combustion experiments has been 
described'~*, The energy equivalent of the calorimeter was determined 
electrically, and all temperature measurements were made with a platinum 
resistance thermometer. The energy of combustion, AU, of the poly- 
ethylene film was measured as —46427 + 9 J/g. The samples of the phenols 
used were prepared in this Laboratory; sample purities were determined 
by a freezing point method and exceeded 99-9 moles per cent in every 
instance. Mean values for the standard heats of combustion, AH~, of 
phenol and the cresols are summarized in Table 1], The uncertainties 
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quoted are standard deviations of the mean and include a small contribution 


from the uncertainty in the energy equivalent of the calorimeter: the 
‘uncertainty interval’ of each value in the table is by definition twice 
the given standard deviation of the mean. 


Che literature contains only one modern reference to the heat of com- 


bustion of phenol (and none to that of the cresols) which might be compared 
with the value reported in the table. Thus Parks, Manchester and 
Vaughan! gave —730-36 kcal/mole as AH, for phenol. The dis« repancy 
between this value and ours falls just outside the sum of the two unc ertainty 


intervals, but as Parks, Manchester and Vaughan’s paper contains no 
experimental details, further comment is not possible. 


Table 1. Heats of combustion of phenol and the cresols. “ Thermochemical” calories. 


AH? AH} 
25 kcal/mole kcal/mole kcale/mole 


0-07 39-44 23-03 0-14 
Cresol crvst 882-79 0-10 $8 -84 30-67 0-21 
Cresol liquid 885-44 0-06 1-19 31-44 0-26 

»-Cresol cryst 884-02 = 0-07 17-61 29-94 + 0-36 


The fourth column of the table contains values of the standard heats 
ol formation from the elements, AH,, as calculated from values of AH; 
with the aid of values for the heats of formation of carbon dioxide and 


water®. The last column of the table contains values of the heats of 
formation of the compounds at 25°C in the ideal gas state, AH;. Strictly, 
these values refer to the real gases. but the vapour pressures of the com- 


pounds at 25° are sufficiently low for the values to be indistinguishable 


from those for the ideal gas. Values of the latent heats of sublimation 


or latent heat of vaporization for the liquid m-cresol), required for the 
calculation of AH}, were taken from the work of Biddiscombe and Martin® 
of this Laboratory. These workers made careful measurements of the 


vapour pressures of phenol and the cresols in the region of 25°, and from 


their measurements calculated the latent heats of sublimation or vaporiza- 


ion). Che uncertainties quoted in the last column of the table were 
obtained by combining the standard deviations of the AH. values with 
those of the latent heats, assuming that there are no errors in AH for 
carbon dioxide and water. 


With values of AH} available, the calculation of the resonance energies 


of phenol and the cresols was attempted by the well-known procedure of 


calculating the heats of formation from the atoms in their ground states, 


and comparing the results with values obtained by summing bond energy 


terms. Calculations were made from values for the heats of atomization 


of the elements and bond energies taken from three different « ompilations’~*, 


Similar results were obtained from each compilation, so that it is only 


necessary to choose one of them for a detailed discussion. The compilation 


chosen for the present purpose is that of Laidler®, which is not only the 
most recent of the three but also appears to be the most precise. Laidler’s 
bond energy scheme takes account of the various types of C—H_ bonds 
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primary, secondary or tertiary) in the molecule, and also of the types 
and positions of C—H bonds with respect to C=C bonds. The resonance 
energies of phenol and the cresols, when calculated from the present values 
of AH; with the aid of Laidler’s data, were as follows: 


phenol 44-7 kcal/mole; benzene 42-8 kcal/mole 
o-cresol 44-2 kcal/mole; 
m-cresol 45-0 (kcal/mole); toluene 42-5 kcal/mole 


p-cresol 43-5 (kcal/mole). 


For purposes of comparison, the resonance energies of benzene and toluene, 
taken from Laidler’s paper®, have been included in the above table. 
Considering first phenol relative to benzene, it may be seen that the resonance 
energy of the former appears to be about 2 kcal/mole greater than the 
resonance energy of the latter. Qualitatively, this situation was to be 
anticipated because the resonance structures of phenol would be expected 
to include the quinonoid forms (I), (II) and (III): 


ZOH ~ OH OH 
f 


I II III) 


in addition to the normal Kekulé and Dewar forms of the benzene ring. 
Hitherto, however, heat of formation data for phenol have been insuffic iently 
reliable to show whether or not these resonance forms made a measurable 
contribution to the resonance energy’®, It is therefore important to 
consider carefully whether the apparent 2 kcal/mole difference between 
the resonance energies of phenol and benzene is real. Errors in the values 
of AH? for the two compounds are unlikely to exceed 0-5 kcal mole, but 
errors greater than this may be involved in the calculation of atomic heats 
of formation and total bond energies. Fortunately these errors will mainly 
affect the absolute values of the two resonance energies, rather than their 
difference, since most of the data used are common to the two calculations. 
Data which are not common to the two calculations relate to the C—OH 
bond. Laidler® recommends that a “ mean” bond energy term of 
198-1 keal be used for the C—OH bond: at present, too few reliable values 
of the heats of formation of aliphatic alcohols exist to permit making a 
distinction between the C—OH bond energies in primary, secondary and 
tertiary alcohols. From Roberts and Skinner’s™ summary of bond energy 
data for alcohols it seems that the mean bond energy for C—OH must be 
considered uncertain to +2 kcal. As this uncertainty is the dominant 
one in a comparison of phenol with benzene, it may be concluded that 
the extra resonance stabilization of phenol relative to benzene lies within 
the limits 0 to 4 kcal/mole. When a more reliable value becomes available 
for the C—OH bond energy term, it should be possible to define the extra 
resonance stabilization of phenol within closer limits. 
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If attention is confined to intercomparison of phenol and the cresols, 
the uncertainty of the C—OH bond energy becomes irrelevant. It may 


then be seen that the resonance energies of phenol and m-cresol are indis- 


tinguishable within the combined standard errors, whereas the resonance 


energies of o- and p-cresol are slightly less than the resonance energy of 


m-cresol. A parallel to this situation is found in the acidities of these 


compounds, where phenol and m-cresol have closely similar acidities in 


water!*, whilst o- and p-cresol are appreciably weaker acids. An explana- 


tion for the parallel presents itself when it is remembered that the appreciable 


acidity of phenol may be ascribed!® to the contribution of structures (IV), 


V) and (VI) to the resonance in the phenolate ion. 


| 


Substitution of a m-methy!] group into either phenol or phenolate ion 


would not be expected to influence the contributions of quinonoid structures 
I III) or (I\ V1). Hence phenol and m-cresol should have closely 


similar resonance energies and acidities. On the other hand. substitution 


of o- or p-methyl groups would be expected to discourage the placing of 


a negative charge (structures (I III) or (IV)-(VI on the carbon atoms 


to which the methyl groups are attached, i.e. o- and p-cresol should have 


smaller resonance energies and acidities than m-cresol. 


I wish to thank several of my colleagues for preparing and certifying the samples 
of the phenols, and Messrs R. J. L. Andon and H. A. Gundry for their work 


on the calorimetric measurements. 
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HEATS OF COMBUSTION OF BUTANAL AND 
SOME RELATED COMPOUNDS* 


JAN TYJEBBEs 


Thermochemistry Laboratory, University of Lund, Sweden 


Precision data on heats of combustion of aliphatic aldehydes are lacking 
in the literature and since the appearance of Kharasch’s compilation! no 
further determinations have been published. Therefore it was judged of 
interest to study a number of aliphatic aldehydes. The choice of compounds 
was mainly governed by an interest in the aldol condensation reaction 
and associated processes for butanal. 


SAMPLE PURITY 


It is a well-known fact that simple aliphatic aldehydes are difficult to 
obtain in a very pure state and this work has given no evidence for expressing 
an opposite opinion. Before describing the special problems met with in 
handling the aldehydes, the general procedure for preparing the samples 
for combustion will be given. 


Procedure 


All six substances used in this investigation were prepared and carefully 
purified by the Research Laboratory, Mo and Domsjé Aktiebolag, 
Ornskéldsvik, Sweden. After the final distillation in a Podbielniak column 
with 50-70 theoretical plates, samples of the main fraction were enclosed 
in sealed Pyrex-glass ampoules in an atmosphere of nitrogen or helium. On 
the contents of one of these ampoules the purity was established using 
gas-liquid chromatography, and a number of ampoules were sent without 
delay to our laboratory. Immediately upon arrival (2-3 days later) a 
distillation was performed at room temperature under reduced pressure. 
All samples were handled in a nitrogen atmosphere and utmost care was 
taken to exclude air. The middle fraction from this distillation (about 
one-third of the total sample) was collected in a receiver where some ten 
combustion ampoules (made from soft glass) had been placed in advance, 
and these were immediately sealed*. At the same time ampoules were 
filled with samples for gas—liquid chromatographic analysis and for density 
determination. The combustions were made as soon as possible, and in 
no case more than six days elapsed between ampoule filling and the last 
combustion. In the case of butanal all experiments were carried out 
within two days. Analysis (by Mo and Domsj6) and density determination 
were performed so as to coincide in time with the middle experiment in 
the combustion series. 

The gas-liquid chromatographic analysis was done in order to determine 
the amount of impurities, especially water. For all substances except 
butanal the area under the water peak on the chromatogram was pro- 
*Published in Acta Chem. Scand., 14, 180 (1960) 
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portional to the water content of the sample, which was found from calibra- 
tion experiments with known amounts of water added to the sample. 
Ihe linearity implies that no reaction leading to the formation of water 
occurred on the column. In the case of butanal, however, a reaction 


took place on the column with formation of water. 

The water content of the butanal sample was evaluated using the 
observation that the density of a sample of this compound varied linearly 
with the water content, at least over a small range. A sample of butanal 
was prepared exactly as the material for combustion. This sample was 


divided into three parts and water was added to two of them, increasing 


the amount of water by 0-275 and 0-551 per cent, respectively. The 


densities of the three parts were determined (Table /). 


Table 1. Density and water content of butanal 


0 0-797¢ 
x ) 0 5 


x 0-551 00-7988 0-0000, 


Phe slope of the line, density versus per cent water, was calculated, and 


1 line was drawn using the value of Smith and Bonner’: d3 0-7964 
at U-U5 per cent of water. The density 0-7966 then corre sponds to a water 
content of 0-US per cent. 


Special problems 


Ihe unsaturated aldehydes studied were found to be stable during 


storage in Pyrex ampoules for two wecks. However, distillation at 
temperatures higher tnan caused rapid decomp« ition. The 
sensit t are xidation was found to be very pronounced, and it was 
therciore nece iry t exclude even traces of air in handling these com- 


' nad Butanal was found to be unstable even when every precaution 
is taken in storing the implies The decomposition was followed by 
ca ru the density, and al ncrease in d; ol U-OUO005 per dav was 

erved Distillation of butanal above room tempecrat ire caused an 
rease i water content and im amounts of other in purities. When 
dist tiol as performed at room temperature with the receiver kept at 
; to C, the distillate showed a marked tendency to polymerize 
to solid products A fe iccessiul distillat ms were performed with the re- 
ceiver kept at 20 C and the dist neg flask at 35 ( pressure Hw) 50 mm He). 
In a number of cases condensation of butanal took place within the 
combustion ampoule, w h then invariably burst. This was shown by 
the } wing series ol experiments Iwelve ampoules of the combustion 
type ere filled with I nal and left to stand for some days. During 
this time several ampoules burst. Now and then one of the intact ampoules 

“wa ened, and in both cases the refractive index of the content was 

immediately determined Ihe refractive index of the content was un- 


changed for all intact ampoules, but had altered for every broken ampoule, 


usually by about U-OO2 units. 
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HEATS OF COMBUSTION OF BUTANAL AND RELATED COMPOUNDS 


2-Ethylhexanal offered the same kind of handling difficulties as did 
butanal but to a much smaller extent. Distillation could be performed at 
85°C and 35 mm Hg, and gas-liquid chromatograms were successfully run 
at 150°C, With the alcohols of this investigation no special problems 
were met, and the analyses showed that perfect purity was obtained in 
both cases. 


Results of purity determinations 


In Table 2 values of densities and amounts of impurities have been 
summarized, For comparison, density values found in the literature have 
also been given. 


Table 2. Sample purity 


dv H,O 
Substance g/ml (g/ml Y Literature 
2-Butenal 0-8526 0-8475 0-02 173 0-8557(" 
Butanal 0-7966 0-08 0-7964 
1-Butanol 0-8099 0-8059 0 25 
2-Ethylhex-2-enal 0-8522 0-846! 0-014 0-8528'") 
2-Ethylhexanal 0-8201 0-8156 0-03 0-8231(7 
2-Ethylhexan-1-ol 0-8332 0-8291 0 


COMBUSTION CALORIMETRY 


The calorimeter described by Bjellerup® was used without rotation of the 
bomb. Washburn corrections have been applied as described by Hubbard, 
Scott and Waddington'®; the latter’s procedure and the nomenclature given 
by them have been followed. Corrections for the water content of the 
samples have been applied. 


Table 3. Thermochemical data, referring to the liquid standard state at 25°C* 


AE; AH; AH; 


kcal mole kcal mole kcal/mole 


46-12 0-09 546-7 0-09 

591-53 0-17 5992 7 ] 0-17 

637 7 0-10 638-25 79-55 + 0-10 

1166-39 0-17 1168-17 ] 0-17 

} 1213-56 0-18 1215-63 0-18 
hylhexan-1-ol 1261-44 0-19 1263-81 103-46 0-19 


nceertainties given are the final overall standard deviations 


The final overall standard deviations include the errors of (1) the heat 


of combustion value for benzoic acid, (2) the calibration experiments, 


3) the paraffin oil combustions, (4) the determination of weight including 
water analysis and finally (5) the standard deviation of the actual com 


bustion series. 


131 


a 
Substance 
2-b 
I 
2-1 
I 
Bes 
ee 


JAN TJEBBES 


References 


M.S. Abarasc! 7 anda 159.490 (19279 


1951 


1 Corrections 


T 


ig 
°s$. j 7, Le 49 
R. Bonner Ind. Eng. Chem., 43. 1169 
\. 5S. Bata S. E. Sla Gen. Chem. USSR. (Eng. Transd.), 7, 202 (193 
P. A. Levene and F. A. Ta ). Biol. Chem., 54, 351 (1922 Sin dee 
unt \ Chap. 5 of Experimental 
I D. Ress Ir " New York 
| 
= 


HEATS OF COMBUSTION OF FIVE ALKYL 
PHENYL KETONES 


M. Coromina, C. Latorre and R. Perez-Ossorio 


Instituto de Quimica Fisica, Serrano 119, Madrid, Spain 


‘ As a contribution to the determination of fundamental thermodynamic 
ea properties of pure organic compounds a group of alkyl phenyl ketones has 
rs been selected for study. 


METHOD AND APPARATUS 

The heats of combustion of the compounds were determined by burning 
the liquid alkyl phenyl ketones in oxygen in a bomb, at constant volume. 
The procedure is similar to that described by Prosen', followed by us in 


other studies?. 


Materials 


The methyl, ethyl and propyl phenyl ketones were commercial products. 
The iso- or tert-butyl phenyl ketones were synthesized in this laboratory. 


The five ketones were purified first by vacuum distillation, in a column 


of fifty theoretical plates, and then by fractional melting, with an apparatus 


developed in this laboratory from a simpler device described by Nicholson’. 


The qualitative control of purity by heating curves, following the method of 


Skau, showed that these compounds were very pure. 


EXPERIMENTAL RESULTS 
The results of a series of calibration experiments using N.B.S. standard 
benzoic acid are given in Table J. The tabulated data were obtained as 


in the following paper*. The values of g; were obtained from separate 


ignition experiments in which a standard mass of 8-30 mg of iron was burned 


standard q 62 | 


Data from calibrating experiments with benzoic acid 


AR, gn | De tation 
Expt ben zor J J ya from mean 
Vo. 


ya 


| 1-59823 19-2 0-299388 61-7 1-7 141294 25 
? 1.59794 19-2 0-299233 62-0 19 141343 25 
; 1.59979 19-2 0-299624 61-8 20 141322 3 
} 1-60135 19-2 0-299945 63-8 19 141313 6 

) 1 -59822 19-2 0-299342 62-4 2:7 141320 l 


Mean, 141319 
S.D. of mean, + 8 
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In Table 2 the results of five series of combustion experiments with the 
alkyl phenyl ketones are given. These data were obtained as in the 


following paper?, 


fable 3 the heats of combustion and formation of the five alkyl pheny! 
are given. These data and their uncertainties were computed as 


following paper?, 


CONCLUSIONS 
On comparing the heats of combustion of the alkv] pheny! ketones with 
ponding values for the liquid alkylbenzenes, reported by Prosen, 
and Rossini‘, the following conclusions can be drawn. 


Data n combu | with alkyl phenyl ketones 


\/ 


J/g of 


| 
: 
ketor 
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‘ 
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HEATS OF COMBUSTION OF FIVE ALKYL PHENYL KETONES 


Table 3. Heats of combustion and formation of alkyl phenyl ketones 


Compound AE AH? AHe AH? 
(lig.) 28°C 28°C 28°C 25°C 25°C 


kJ/mole) (kJ/mole) | (kJ/mole) (kJ/mole (kcal (kcal 

mole mole 
Methyl phenyl ketone 4147-39 | 4144-95 4148-71 4148-95 991-62 — 34-06 
0-89 0-89 0-89 0-89 0-2] + 0-25 
Ethyl phenyl ketone 4800 -90 4798-28 4803-29 4803 -66 1148-10 — 39-95 
1-05 1-05 1-05 1-05 0-25 0-30 
Propyl phenyl ke tone 5457- 36 5454 bb 5460 83 5461 32 ] 305 29 45°13 
1-69 1-69 1-69 1-69 0-40 0-45 
Isobutyl phenyl ketone 6104-19 6101-23 6108-74 6109-36 1460-17 52 -62 
1-39 1-39 1-39 1-39 + 0-33 0-39 
ert-Butyl phenyl ketone 6115-54 6112-57 6120-09 6120-70 1462-88 49-91 
2-26 2°26 2-26 2-26 0-54 0-60 


a) The increments in the heats of combustion per CH, group added 
to the chain in the liquids methyl phenyl ketone and methylbenzene have 


the same value of 156-5 kcal/mole. This identity of increments in the 


heats of combustion per CH, group added to the chain is again reproduced 


in the liquids propyl phenyl ketone and propylbenzene with the same 
value of 154-9 kcal/mole. 


b) The increments in the heats of combustion per CH, group added to 


the chain in the liquids ethyl phenyl ketone and ethylbenzene have an 
unexpected difference of | kcal/mole: 157-2 kcal/mole and 156-2 kcal/mole, 
respectively. 


c) There is an important difference between the heats of isomerization 
for the liquid state at 25°C of the following reactions: 


Isobutyl phenyl ketone > tert-Butyl phenyl ketone —2-7 kcal/mole 


Isobutylbenzene > tert-Butyl benzene t-O-2 kcal/mole 


Finally, from the heat of combustion of benzyl methyl ketone, measured 
by Springall and Nicholson®: *, and our experimental results, the heat of 


isomerization of the following reaction for the liquid state at 25°C has 
been computed: 


Ethyl pheny! ketone ——» Benzyl methyl ketone —3-6 kcal/mole 
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THERMOCHEMICAL INVESTIGATIONS ON 
METHYL-SUBSTITUTED BENZOIC ACIDS: 
I, TOLUIC ACIDS 


M. Coromina, R. Perez-Ossorio and M. L. Bonep 
Instituto de Quimica Fisica, Serrano 119, Madrid, Spain 


The thermochemical study of the methyl-substituted benzoic acids has 
been undertaken as a contribution to the basic thermodynamic information 
on pure organic compounds. This paper contains the thermochemical 
data of the three first members of this series: the toluic acids. The unit 
of energy upon which values reported in this paper are based is the 
absolute joule. The relation | cal = 4-1840 J is used. The molecular 
weight of carbon dioxide is taken as 44-011. 


METHOD AND APPARATUS 


The heats of combustion of the compounds were determined by burning 
the solid acids in the form of pellets in oxygen in a bomb, at constant volume. 
The procedure is similar to that described by Prosen’. The samples were 
weighed and placed in a platinum crucible in the bomb, | ml of water was 
added to the bomb, and the bomb was flushed and filled with purified 
oxygen to 30 atm pressure at 25°C. The sample was ignited by means 
of an iron wire fuse, 0-012 cm in diameter and 6 cm long, coiled above 
the sample. The amount of reaction was determined from the mass of 
carbon dioxide formed in the combustion. The heat of reaction was 
referred to the final calorimetric temperature of 28°C. Experiments with 
standard benzoic acid were carried out to determine the energy equivalent 
of the calorimetric system. A series of calorimetric combustion experiments 
was made with each of the three toluic acids. The same calorimetric 
system, platinum resistance thermometer and Mueller bridge were used 
for all the experiments. 

A check on the completeness of reaction was afforded by the ratio, r, 
of carbon dioxide produced in the combustion to the stoichiometric amount 
of carbon dioxide calculated from the mass of toluic acid, corrected to 
vacuum, and its density. The density used for the three toluic acids was 
The average values of r were always very close to 1 -0000. 


1-30 g/cm', 


Materials 

The ortho-, meta- and para-toluic acids from British Drug Houses, Ltd 
(England) were purified first by vacuum sublimation and then by zone- 
melting, with a simple and efficient device developed in this laboratory. 
The qualitative control of purity of the three toluic acids, by heating 
curves, according to the method of Skau?, showed that those compounds 
were of a high degree of purity. 
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M. COLOMINA, R. PEREZ-OSSORIO AND M. L. BONED 
EXPERIMENTAL RESULTS 


The results of a series of calibration experiments using N.B.S. standard 
benzoic acid are given in Table J], which shows the experiment number, 
the mass of benzoic acid burned (corrected to vacuum). the deviation, 
Ae,, of the energy equivalent from that of the standard calorimeter system, 
the corrected temperature rise AR,, the ignition energy correction q;, the 
nitric acid correction gp, the energy equivalent E,, and the deviation from 
the mean. 

The values of gn were computed from the amount of nitric acid formed 
using the value 57-8 kJ/mole for the standard heat of formation of nitric 
acid from nitrogen, oxygen, and liquid water. The values of gi were 


obtained from separate ignition experiments in which a standard mass 


of 5-60 mg of iron was burned (standard 4g; tl-1 J) but are corrected to 
the actual mass of iron burned in each experiment using 7-5 J/mg for the 
heat of combustion of iron. (On the experiments Nos. | and 2 another 
iron wire was used with a standard mass of 8-30 mg of iron.) The value 
of Le, for each experiment was computed from the heat capacity of benzoi 
acid taken as 1-21] J g-! °C-! at 26-5°C converted to J/£2 on the resistance 
thermometer used. 

From the data in Table J], the energy equivalent of the standard calori- 
neter system £, is computed as follows: 


E. AE B, 2x Ms + qj gn) AR, Ae J 42 


where —AEg, ox 26431-8 Jig is the heat of combustion of standard 


benzoic acid under the actual bomb conditions. 


istion experiments of the 


= 
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THERMOCHEMICAL INVESTIGATIONS ON TOLUIC ACIDS 


Table 2. Combustion experiments with toluic acids 


Mass of Mean value 

carbon Ae, : 28°C 28°C — AEp 

dioxide | (J/Q) ( (J/g of (J/g of 
(g) CO,) CO,) 


o-Toluic acid 


380624 0-296702 41931-1 11003-9 
3-96951 0-309387 437241 11003-4 
3-86876 0-301652 42632-9 6 11006-9 
3-86323 0-301172 42565-0 11005-2 
3-86426 0-301263 42577°9 . 11005-7 


m-Toluic acid 


-300494 42469-0 42-4 10977°3 10978:1 
299777 42367 -6 43-0 10978-8 
303236 42843 -6 41-8 10974-2 
3006 16 42473-4 41-8 3: 10976-6 
0-301815 42642 40-3 10974-8 


Co 


p-Toluic acid 


301220 42569-5 10970-0 
300978 535°: 10971-3 
300810 511-5 10966 -9 10968 -7 
300372 10968 -9 - 
301176 56: 10966 -2 


The values of Ae, were computed from the heat capacities: 12-8, 12-1 
and 12-0 J g~! Q-' for o-, m- and p-toluic acid, respectively*, and the heat 
capacity of any parts of the calorimeter which were changed during the 
course of this investigation. Thus, in combustion experiments 3, 4 and 5 
of the o-toluic acid and | and 2 of the m-toluic acid a transitory modification 
of the bomb was introduced, which is reflected in the related Ae, values. 

As complete combustion of the m-toluic acid was very difficult at the 


standard pressure of 30 atm, the m-toluic acid combustion experiments 3, 


+ and 5 were performed with the bomb filled with purified oxygen to 20 atm 
pressure* at 25°C, ‘This explains the difference in the Ae, values and 
the two mean values of —AEg ox for the m-toluic acid. 

In Table 3 the following quantities are given for each of the compounds: 
the mean value of —AEy, owe, from Table 2, expressed in kilojoules per 
mole of acid; AE sec, the decrement in internal energy in the ideal 
bomb process; AH? oc, the heat of combustion at constant pressure 
at 28°C; AH ® ose, the heat of combustion at constant pressure at 25°C; 
and AH;, the heat of formation at constant pressure at 25°C, 


* The deviation from the standard calorimeter system due to the difference between 
1) and 20 atm pressure of oxygen (Ae 35-83 J/Q) was computed from the volume of 
the bomb (0-387 1.) and the heat capacity of oxygen at constant volume taken as 20-96 
] mole~* °C~! converted to J/Q on the resistance thermometer used. 
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Heats of combustion and formation of the toluic ac ids 


AH Ai; , 


al mole 


101-64 
0-23 


combustion assigned to the values in 


for the specified 


aoeviatt fe expressed as percentages of the me isured 


quantity Phe first term, 0-01 per cent. is the assioned uncertaint in the 


«il id 


systemati 


formation refer to the reaction 


eraphite) t Hyg) Ore) C,H,O,, 


Ihe heats of formation were calculated from the heats of combustion 
using the values b 17 0-0 kcal mole for the heat of formation ol 


U-Ol!l keal mole for the heat of formation cif 


Army, thr ugh if kur on Re earch OF f. 
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HEATS OF MIXING 


S. K. Das, M. Diaz-PeRa and M. L. McGrasHan 
Department of Chemistry, The University, Reading, U.K. 


One of the most important requirements of a calorimeter for measuring 
the heats of mixing of liquids is the elimination of any vapour phase. For 
example in some of the measurements described here, in which about 
1 em® quantities of each liquid were mixed, a vapour space of only | cm? 
would have given rise to an error of 50 per cent or more in the heat 
of mixing. 

In our previous calorimeter! the vapour phase was successfully eliminated 
but there remained a number of weak points in the design: 


1) The mercury used as confining liquid was in contact with the air 
so that heat exchanges with the surroundings were neither very small nor 
reproducible. 

2) There were rather large heat exchanges between the “ mixing 
vessel and the “reference vessel” caused by conduction along the 
thermopile between the two vessels. 

3) There was necessarily a heat effect due to breaking the glass seal 
which initially separated the two liquids. This effect was usually small 
but since no two seals were identical it was not reproducible. 

4) The quantity of mercury in the calorimeter (about 350 g), and 
hence the heat capacity (about 50 J/°C), were larger than desirable. 


These disadvantages have been largely overcome in the new calorimeter 
described below. In particular: 
1) during measurements the calorimeter was completely enclosed in a 
vacuum jacket; 


2) a thermistor was used instead of the thermopile without loss of 
sensitivity but with a considerable decrease in heat losses; 
3) mixing was effected by inverting the calorimeter instead of by 


breaking a glass seal: and 
4) the heat capacity of the new calorimeter was about 15 J/°C. 


The calorimeter was tested by making measurements on mixtures cf 
CCl, + CHCI,. The results agreed well with previous work!-*, and showed 
a useful gain in reproducibility. For example, in our measurements of 
the very small heats of mixing of CCl,(CH,), + CCl,(CH,), the actual 
quantity of heat measured varied between 0-036 J and 0-074 J and was 
usually reproducible to within 0-001 Jj. 

New measurements have been made on mixtures of pairs of the com- 
pounds SiCl,(CH,),., and of pairs of the compounds CCl,(CH,), ». 
These measurements are being continued, but a preliminary account is 
given here of the results so far obtained. These substances were chosen 
because the molecules though roughly spherical in shape are by no means 
spherical in their force fields. 
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S. K. DAS, M. DIAZ-PENA AND M. L. MeGLASHAN 
THE CALORIMETER 


The calorimeter is shown in Figure 1]. It consisted of a glass vessel with 


inner and outer cylindrical compartments A and B and a capillary tube C, 


Oo 


4 


m 


ould be held tightly against a flat glass plate D mounted on a 


Perspex plate E and carrying an electrical heating coil H and a thermistor 


I’, any leakage being prevented by a neoprene gasket G. The heating 


coil H and thermistor T were cemented into place and insulated with 


Araldite. 
Phe calorimeter was loaded as follows. The vessel was inverted under 
nercury and a thre: mercury a lew centimetres long was introduced 


; 
i j - 
Gee 
= 
— 
Ca3 
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HEATS OF MIXING 


into C. The vessel, still under mercury, was then turned right way up. 
A weighed quantity (0-1 1-0 g) of one of the two liquids was then intro- 
duced into A by means of a hypodermic syringe with a bent needle. A 
weighed quantity of the other liquid was similarly introduced into B. The 
base plate was then carefully brought into position and the whole screwed 
tightly together as indicated in Figure 1. The loaded calorimeter was then 
lifted carefully (so as to prevent premature mixing) from the bowl of 
mercury in which these operations had been carried out and was fitted 
into a vacuum jacket made from a large ground-glass joint as shown in 
Figures 2 and 3. This jacket was arranged so that it could be turned 


over, so as to invert the calorimeter and bring about mixing, without 
detaching it from the vacuum line and without seriously disturbing the 
electrical connections from the heating coil and thermistor. The complete 


apparatus as shown in Figure 3 was placed in a precision thermostat, 
evacuated, and left overnight to come to thermal equilibrium. The 
thermistor was made one arm of a Wheatstone bridge arranged so that the 
current passing through the thermistor was as small as possible. Since 
all the liquids studied absorbed heat on mixing, the heat of mixing was 
compensated as nearly as possible by the simultaneous liberation of a 
measured quantity of heat in the electrical heating coil!. 


RESULTS AND DISCUSSION 
We were interested to see how far, if at all, a lattice theory allowing 
for preferred orientations would account for the results of mixing pairs of 
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substances MC],(CH,),_, with, for given M Si or C), a single value 
for the energy of * interchange of contacts ”’ 


— 


+ > 2—C1...CH, 


discussed by Miinster*, Tompa‘, Barker®, 
Barker, Brown and Smith’ and Guggenheim’. 


Let .V4, .Vp_ molecules of A, B each ocx uPV Ta, Tp Sites on a lattice of 
co-ordination number z. Let 


nts ol 


Similar theories have been 


qx2 rx2 2rx 2 be the total number 
contact of a molecule of type X with other molecules. Of 


ta traction | xx be of type 0 (e.g. H, 


We define a quantity 
he relation 


) 


mole fraction, Vp (V4 Vp), of substance B in the mixture. 
line an energy parameter 2u 


equal to the energy of the 
ontacts shown in equation l 


hen be shown (for a general method see Guggenheim) that the 


gy of mixing, AU’, is given by 


given by the “ quasi-chemical ” formula 


y~* is the “ equilibrium constant” of process (1 


according to the 
Tabl 


1570 J/mole 


lb 


4 
- 
these p t | 
: 
by t 
} } 
where 18s the 
| 
with yix 
where 
nA AH» (]/mole) for M Si, x 0-5 
Ex 
Lu 2160 ]/mole Lu 2510 J/mole 
AH», (J mole) for M C.x 0-5 
i $4 299 19 
* From the measurements at 0°C of Englert-Chwoles* 
: 


HEATS OF MIXING 


quasi-chemical theory, y is given by equation (2), and L is Avogadro's 
number. 

To compare the theory with our experimental results we make the 
reasonable assumptions that r = 5 and z = 4 so that q = 3 throughout. 
Then for mixtures of A + B 
identifying a with Cl and 6 with CHy, we have a, = n'/4 and ap = n"/4. 

In Table 1 we give our experimental results for the molar heat of mixing 
AH at x = 0-5 and 25°C for three pairs with M = Si and for seven pairs 
with M = C. In the third column we give values calculated from formula 
3) with 7? = 1, that is to say for the “ zeroth approximation ” correspond- 
ing to random mixing of contacts in spite of a finite energy of interchange. 
The values in the fourth column were calculated from formula 3) with 
7? 3 for the silicon compounds, and 7 = 25 for the carbon compounds. 


Figure 4 


This is the so-called “ quasi-chemical approximation” and the values 
chosen for 7? imply that in the silicon compounds there is a slight preference, 
and in the carbon compounds a stronger preference, for contacts between 
like groups rather than between unlike groups. For each set of compounds 
the formula was fitted to the result for the mixture (n’ — 2) + (n’ = 4). 

Dealing first with the results for M Si we see that the zeroth approxima- 
tion correctly predicts that for both Si2 + Si3 and Si3 + Si4. AH is 
smaller than for Si2 + Si4, but that this approximation fails to distinguish 
between the first two. The quasi-chemical approximation, however, 
correctly predicts the order, and very roughly the relative magnitudes, for 
all three pairs. In Figure 4 the results are shown plotted against the mole 
fraction x’ of the component with the larger value of n. We see that while 
the zeroth approximation implies that all the curves should be symmetrical 
about x = 0-5, which is in close agreement with experiment, the quasi- 
chemical approximation implies in each case a greater or lesser displacement 
of the maximum towards higher values of x’’. 

When we turn to the results for M = C we see that for the three 
corresponding pairs the entries in Table J lead to similar conclusions as in 
the case of M = Si. However, in this case, as we can see in Figure 5, the 
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quasi chemical approximation not only leads to a much better prediction 
of the relative magnitudes but also correctly predicts displacements of the 
maxima in the curves from x"’ = 0-5, 

Unfortunately, when we turn to the results of measurements with tert- 
butyl chloride as one of the components, the situation is much less satis- 
factory. The theory implies much bigger values for Cl + C3 and for 
Cl + C4 than those actually found. We propose to repeat these measure- 
ments with a new sample of tert-butyl chloride, and also to extend the Si 
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measurements so as to include SiCl(CH,), (at the moment we are worried 
a { an apparent reaction ol this substance with mercury , and Si/¢ H, ‘ 
We also hope soon to begin vapour pressure measurements on some of 
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UNTERSUCHUNGEN UBER DIE 
MISCHUNGSWARMEN IN DEN SYSTEMEN: 
ESSIGSAURE-PYRIDIN-n-PARAFFINE 


M. WoycicKa 


Instytut Chemu Fizyczncj, P.A.N., ul. Pasteura 1, Warschau, Polen 


Die Messungen von Mischungswarmen in Zwei- und Dreikomponenten- 
systemen wurden unter Anwendung der Vergleichsmethode in Zwillings- 
kalorimetern ausgefiihrt, die mit thermostatischen MAnteln versehen waren. 
Der Warmewert des Bezugskalorimeters wurde auf Grund der Neutralisa- 
tionswarme des Systems Salzsiure—Natronlauge bestimmt, wobei selbst- 
verstandlich die Korrekturen fiir die Verdiinungswarme der entsprechenden 
Lésungen beriicksichtigt wurden. 

Die Bestimmungen wurden im Temperaturintervall von 20° bis 21°C 
durchgefiihrt, wovon jedoch die Mischungswarmen von Pyridin mit 
Essigsiure ausgenommen sind, da ihre Werte einen bedeutend grésseren 
Temperaturzuwachs zur Folge hatten, als | Grad C. Die Mengen der 
entsprechenden Mischungen wurden so gewahlt, dass das Gesamtvolumen 
der Fliissigkeit in jedem Fall das gleiche war. 

Die Zusammensetzung der Mischungen wurde aus den Gewichten der 


Komponenten berechnet. Ausserdem ist nach jeder Messung das Gesamt- 


gewicht der Mischung kontrolliert worden. Die Komponenten waren in 
luftdichten Gefassen untergebracht. Bei der Konstruktion des Kalorimeters 
haben wir uns bemiiht, einen verhaltnismdssig kleinen Luftraum iiber der 
Fliissigkeit einzuhalten. Um die Warmeverluste des Kalorimeters sowie 
die Verdampfungswarme zu beriicksichtigen, wurde bei den Berechnungen 
die Regnault—Pfaundler’sche Korrektur angewandt. 

Jede Messung ist mindestens zweimal ausgefiihrt worden. Die Unter- 
suchungen wurden so gefiihrt, dass in einer Reihe von Bestimmungen die 
Komponente A zur Komponente B oder der Mischung AB gegeben wurde 
und in einer zweiten die Komponente B zu A oder der Mischung BA 
hinzugefiigt wurde. Uberdeckung der beiden Kurven der molaren 
Mischungswarmen, von denen eine von der reinen Komponente A und die 
zweite von der Komponente B ausging, war ein Kriterium fiir die Genauig- 
keit der erhaltenen Ergebnisse. Der Messfehler wurde auf etwa 2 Prozent 
geschatzt. 

Eng begrenzte Fraktionen der entsprechenden Kohlenwasserstoffe wurden 
durch Destillation auf selektiven Destillationskolonnen erhalten. Entwas- 
sertes Pyridin und Essigsiure wurden gleichfalls ciner sorgfaltigen Destilla- 
tion unterworten. 

Messungen der Mischungswarmen von Essigsdure mit Pyridin waren 
bereits im Jahre 1947 von N. A. Pusin, A. V. Fediuskin und B. Krgovic 
ausgefihrt worden'. Im Gegensatz zu den im allgemeinen mit unseren 
iibereinstimmenden Ergebnissen der genannten Autoren haben wir eine 
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MISCHUNGSWARMEN FUR ESSIGSAURE-PYRIDIN-n-PARAFFINE 


Messungen der molaren Mischungswarme in den Systemen Essigsdure- 
normale Kohlenwasserstoffe waren auf die Reprisentanten n-Hexan, 
n-Heptan, n-Oktan und n-Nonan beschrankt. Der Grund dafiir lag in 
der Tatsache, dass vom n-Oktan beginnend cine Mischungsliicke auftritt. 
Dennoch wurden die Messungen auch fiir n-Oktan und n-Nonan ausgefiihrt, 
jedoch nur im Konzentrationsintervall der Homogenitat. 

Trotz der Anwesenheit ciner Mischungsliicke in den genannten Fallen 
konnte festgestellt werden, dass innerhalb der Messfehlergrenzen eine 
Uberdeckung der Kurven der molaren Mischungswarmen im Konzentra- 
tionsintervall von 0 bis 30 Molprozent Essigsdure auftritt. Diese Tatsache 
zeugt davon, dass die Mischungswairme eines Mols EssigsAure mit einer im 
Grenzwert unendlich grossen Menge des Kohlenwasserstoffs einen kon- 
stanten Wert von etwa — 0,99+-0,04 kcal/Mol aufweist, der unabhangig ist 
von dem untersuchten Reprasentanten der Kohlenwasserstoff homologe. 

Die Mischungswarme betrug im Minimum bei n-Hexan 237 cal/Mol 
und bei n-Heptan —247 cal/Mol. Infolge der erwahnten Mischungsliicke 
ist es schwicrig zu beurtcilen, inwiefern dieser Wert bei weiteren Kohlen- 
wasserstoffen sich regular verandern wird. 

Die hierbei festgestellte Verschiebung des Minimums in Richtung zur 
polaren Komponente kann nicht durch Messfehler bedingt sein und sie 
tritt bei den Systemen Pyridin—Kohlewasserstoff noch deutlicher auf. 

Irotz der Anwesenheit eines polaren Bestandtcils in den untersuchten 
Mischungen konnte der Verlauf der experimentellen Ergebnisse mittels 
der von Redlich und Kister® sowie Scatchard und Ticknor*® benutzten 
Interpolationsforme! 


A,(x; — + A,(x, — + ....] 


x, Ay 


in allen Fallen recht gut approximiert werden, wobei zumeist die Anwen- 
dung der ersten drei Glieder bereits zufriedenstellende Ergebnisse licferte. 

Gewisse Gesetzlichkeiten im Verlauf der molaren Mischungswarmen, 
die in den Systemen n-Paraffine—EssigsAure erfasst worden sind, treten noch 
deutlicher auf beim Ubergang zur Systemgruppe n-Paraffine—Pyridin (Add. 
3). Die Minimalwerte (von 390 bei Hexan bis —492 cal/ Mol bei Undekan 
verandern sich regular um etwa 10 cal/Mol beim Ubergang von einem zum 
nachsten Vertreter der Paraffinreihe von n-Heptan bis n-Dekan, was zur 
Folge hat, dass die Konstante A, in der erwahnten Gleichung fiir AH,,, 
einen steten Zuwachs von etwa 40 cal Mol erfahrt. Gréssere Abweichungen 
von dieser Gesetzlichkeit treten bei n-Hexan auf. Der Grund dafiir kann 
in einem betrichtlicheren Messfehler gesucht werden, der in diesem Fall 
fast 5 Prozent betrigt und durch die hohe Flichtigkeit dieses Wasserstoffs 
in der Messungstemperatur verursacht ist. 

Die lage derjenigen Mischungszusammensetzungen, bei denen das Mini- 
mum auftritt, erfahrt cine geringe, aber deutlich erkennbare Verschicbung 
in der Richtung zum polaren Bestandteil—Pyridin. 

Ahnlich wie bei der Systemgruppe n-Paraffine—Essigsaure kann auch in 
der zweiten Mischungsgruppe: n-Paraffine—Pyridin eine Cberdeckung der 
Kurven bei geringen Pyridin-Konzentrationen von 0 bis etwa 15 Mol- 
prozent festgestellt werden. Der ermittelte Grenzwert der Mischungswarme 
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von einen Mol Pyridin in einer unendlich grossen Menge eines beliebigen 
Kohlenwasserstoffs der untersuchten Reihe betragt —2,10+-0,08 kcal/Mol. 
Die angefiihrten Ergebnisse stehen kaum im Einklang mit Andeutungen. 


aus den Untersuchungen von Hildebrand zu folgen scheinen. 


Laut 
*n Arbeiten miissen die Mischungswarmen einen angenahert konstanten 
ty 


fur alle Vertreter der homologen Reihe haben. 
ntersuchungen der Systeme von drei Komponenten wurden in den 
Fallen Essigsaure—Pyridin-n-Hexan bezw. n-Heptan durchgefihrt. 

Die Diskussion der dabei erhaltenen Ergebnisse erfordert eine Anwendung 
von raumlichen Vorstellungen. Wir denken uns also die Zusammenset- 
ordinaten durch das Gibbs’sche Dreieck bestimmt und die ihnen 
prechenden Werte der Mischungswarmen als senkrec} t zur Ebene des 


ks aulgetragen. Die Gesamtmenge der so erhaltenen Punkte bestimmt 
iche, deren Gestalt durch die Werte sowie durch das Vorzeichen 
ffekte bedingt ist, die bei den Zweikomponenten-Systemen auftreten. 
r Kurven gleicher Mischungswarmen auf das Gibbs’sche 
bt das topographische Bild dieser Flache. 


rSKO 


rattinge 


1960 


3 
x. 45 


Messreihe wurde zur vorbereiteten Mischung von zwei Kom- 
ponenten die reine dritte Komponente hinzugegeben. 
Zusammensetzut 


In jeder 


Die entsprec henden 
wen der im Ergebnis erhaltenen Mischungen wurden so 
gewahlt, dass sie auf Geraden lagen, die | 


die 


varallel zu der Geraden verlaufen 
Essigsdure mit Pyridin im Gibbs’schen Dreieck verbindet. Dieses 
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MISCHUNGSWARMEN FOR ESSIGSAURE-PYRIDIN-n-PARAFFINE 


Verfahren erméglichte es, nach einer rechnerischen Bearbeitung der Mess- 
ergebnisse eine Reihe von Querschnitten zu erhalten, auf denen sich die 
Gestalt der Kurven der Mischungswarme deutlich erkennen liess. 

Fiir jedes System wurden etwa 60 Messungen ausgefiihrt. Obwohl die 


binaren Gemische, die aus Essigsiure, Pyridin-n-Hexan und n-Heptan 


gebildet werden kénnen, in der Temperatur, bei welcher gearbeitet wurde, 
homogen sind, wurde bei den zwei untersuchten ternaren Mischungen 
eine im Innern des Konzentrationsdreiecks sich befindende geschlossene 
Mischungsliicke festgestellt. Sie wurde fiir die beiden Systeme in einer 
speziellen Untersuchung bestimmt. 

Auf Grund des Verlaufs von molaren Mischungswarmen der bindren 
Gemische konnte vorausgesehen werden, dass die Flache der Warmen im 


ternaren System in zwei Gebiete zerlegt wird, von denen das eine alle 
exothermen und das andere alle endothermen Mischungen umfasst. Die 


Trennungslinie zwischen diesen Gebieten wird vom Autor als “‘ athermale 


Linie * bezeichnet. Sie entspricht denjenigen Zusammensetzungen, fiir 
welche die Mischungswarme zu Null tendiert. 

Eine andere charakteristische Linie wird durch die Punktmenge 
bestimmt, deren Vertreter maximalen Mischungswarmen auf den Quer- 


schnitten entsprechen, die parallel zum System Pyridin—Essigsdure verlaufen. 


Geometrisch verhalt sie sich 4hnlich wie die sogenannte Scheitellinie, die 
auf der Flache der Siedetemperaturen von Sattelazeotropen definiert ist. 
Die Scheitellinie der Mischungswarmen beginnt im Maximum des 


Systems Pyridin—Essigsaure und verlauft in einem leicht gekriimmten Bogen 
durch das exotherme Gebiet bis zur Mischungsliicke (Abb. 4). Von der 
anderen Seite aus der Liicke tretend durchkreuzt sie die athermale Linie und 
endet schliesslich im Punkt, der dem reinen n-Hexan entspricht. Es wurde 
festgestellt, dass die Scheittellinie ein eigenes Minimum im Punkt A hat, 
fir den die Mischungswarme —18 cal/Mol betragt und dessen Koordinaten 
der Zusammensetzung 0,92 n-Hexan, 0,04 Pyridin, 0,04 Essigsdure 
entsprechen. 


n-Hexan 


Pyridin Essigsaure ~I 
Abb. 4. Die Mischungswarmen in dem System: Pyridin—Essigsiure-n-Hexan 
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Die Anwendbarkeit der von C. C. Tsa’o und J. M. Smith angegebenen 
Formel fiir Mischungswarmen’ 


AH, + — 4 x,)AH,, 


2, Xs 


wurde gepriift. Eine Ubereinstimmung zwischen den berechneten und 
experimentellen Werten wurde nicht festgestellt. Sie betragen z.B. fiir den 
Querschnitt I-I (Abd. 4 


ay a, as 


AH berechnet /4 82 + 170 
AH gemessen 5 10 120 340 


Das gleichfalls untersuchte ternare System Essigsaure Pyridin-n-Heptan 


weist eine gewisse Ahnlichkeit mit dem bereits besprochenen auf in Bezug 
auf die charakteristischen Linien (Abb. 5). Die der Untersuc hung zugang- 
liche Flache ist hier noch kleiner infolge der Ausbreitung der Mis« hungs- 
liicke. Der Betrag des Minimums auf der Scheitellinie im A-—Punkt war 

20 cal/Mol, seine Zusammensetzungskoordinaten 0.9] n-Heptan, 0,05 


Pyridin und 0,04 Essigsaure. 


n-Heptan 


Essigsaure 


Abb. 5. Die Mischungswarmen in dem System: Pvridin Essigsaure—n-Heptan 


Die Ergebnisse det besprochenen Arbeit wurden in den unter der 
Leitung von W. Swietoslawski ausgefiihrten theoretischen Untersuchungen 
ausgeniitzt, die eine Kladrung det Erscheinung der Sattelazeotrope zum 
Ziel hatten. 

In weiterer Fortsetzung der thermochemischen Untersuchungen iiber 
fliissige binare und ternare Gemische wird eine Arbeit iiber spezifische 
Warmen von Mischungen Pyridin-Essigsaure-n-Paraffine bald zum Abschluss 
gelangen. 
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MISCHUNGSWARMEN FUR ESSIGSAURE-PYRIDIN-n-PARAFFINE 
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PRESENT STATUS OF THE VALUES OF THE 
FUNDAMENTAL CONSTANTS FOR PHYSICAL 
CHEMISTRY 


Freperick D. Rossini 


Chemical and Petroleum Research Laboratory, Carnegie Institute 
of Technology, Pittsburgh 13, Pennsylvania, U.S.A. 


SUMMARY 


The present status of the values of the fundamental constants for physical 
chemistry was presented. Since the report issued by the National Research 
Council Sub-committee on Fundamental Constants in 1951, the following 
changes have occurred: the value for the absolute temperature of the 
ice point (or for the triple point) of water has become a defined constant 
by action of the appropriate international group; improved values for 
the Faraday, Avogadro number, electronic charge, velocity of light, and 
Planck’s constant have become available through some new experimental 
data and analysis of all the data by Dumond and Cohen. In addition, it 
appears that final international action may be concluded in 1961 leading 
to a new scale of atomic weights, based on carbon-12 equal to 12-0000. 
This scale, which will be the same for both chemists and physicists, will 
differ from the present chemist’s scale by 42 parts per million and from the 
present physicist’s scale by 317 parts per million. The change in the scale 
of atomic weights has the effect of further changing the value of the Avo- 


gadro number (and, correspondingly, the pressure-volume product for one 


mole of ideal gas). The simultaneous lowering of the value of the absolute 
temperature of the ice point (by 37 parts per million) and of the value of 
the pressure-volume product for one mole of ideal gas (by 42 parts per 
million) almost cancels their effect on the value of the molar gas constant, 
which will change only by about 5 parts per million. Appropriate details 
of the foregoing matters were given, 
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DIE THERMODYNAMISCHE TEMPERATURSKALA 
UND IHRE REALISIERUNG UNTERHALB 90°K 


H. van Dyk 


Kamerlingh Onnes Laboratorium der Rijksuniversiteit, Leiden, Holland 


EINFCOHRUNG 


Die Temperaturmessungen unterhalb 90°K schliessen sich hauptsachlich 


in vier Weisen an die thermodynamische Temperaturskala an: 


a) durch Messungen mit cinem Gasthermometer:; 

b) mit Hilfe einer thermodynamischen Bezichung fiir den SAttigungs- 
druck eines verflissigten Gases; 
durch Benutzung des Gesetzes von Curie oder von Curie-Weiss fiir 
paramagnetis¢ he Salze: 

d) unter Zuhilfenahme cines umkehrbaren Kreisprozesses. 


Gasthermometrische Messungen 
Messungen mit Gasthermometern sind vielfach zu folgenden Zwecken 


benutzt worden: 


zur Bestimmung von Fixpunkten (Siedepunkte, Tripelpunkte, Trans- 
formationspunkte 

zur Messung von SAttigungsdrucken kondensierter Gase; 

zur Eichung von Sekundarthermometern; 

schliesslich wird das Gasthermometer manchmal wie ein Interpola- 
tionsthermometer benutzt. 


HAUPTFIXPUNKTE 


Die wichtigsten Fixpunkte fiir das Gebiet der niedrigen Temperaturen 
sind die Siedepunkte von Sauerstoff, Wasserstoff und Helium. In Tabelle ] 
sind die Ergebnisse von den genauesten Arbeiten zusammengestellt. Die 
Tabelle gibt das Ergebnis einer konsistenten Neuberechnung. 

In der Internationalen Temperaturskala hat der Siedepunkt des Sauer- 
stoffes den Wert 82,97°C. Diesen hat man 1927 angenommen und er 
stimmt noch immer bis auf 0,01°C tberein mit dem Wert, den wir heute 
diesem Punkt zuordnen wiirden., Da die Temperatur des Eispunktes 1954 
auf 273,15°K festgesetzt worden ist, muss man in der Internationalen 
Kelvin-Skala dem Siedepunkt von Sauerstoff den Wert 90,18°K geben. 

Der in Tabelle 1 gegebene und in thermodynamisch konsistenter Weise 
berechnete Wert fiir den Siedepunkt des normalen Wasserstoffs ist fast 
genau gleich dem Mittelwert der von verschiedenen Instituten empfohlenen 
Werte, wie es Tabelle 2 zeigt. 

Die Neuberechnung des Siedepunktes von Helium hat ein Resultat 
gegeben, das sich nur um 0,001°K von dem von Schmidt und Keesom 1937 
empfohlenen Wert unterscheidet. Der Wert 4,215°K ist in der Definition 
der 7,,-Skala fir Temperaturen zwischen 1,0 und 5,2°K benutzt worden. 
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Die normalen Siedepunkte*® 


Ts 
K 


1 Otte 90,19] 
ler Horst 90,160 
nd Kanda*t 90,170 
Moessen 90,150 

Mittelwert 90,168 


20,381 


") 


273,16 
273,15 
90 19 


und 90,154 


» 
10 


Aus dem Vorhergehenden ist deutlich, dass die wichtigsten Fixpunkte 
fur die Temperaturmessung unterhalb 90°K heute mit einer fur die jetzige 
Praxis hinlanglichen Genauigkeit bekannt sind. 


SEKUNDARE FIXPUNKTE 


Die wichtigsten sekundaren Fixpunkte sind der Siedepunkt von N 
lripelpunkte von Argon, Sauerstoff und 


», die 
normalem Wasserstoff, det 
Siedepunkt und der lripelpunkt von Parawasserstoff und der A-Punkt von 
Helium. Die Zahlenwerte d 


ieser Fixpunkte sind in Tabelle 3 zusammen- 
gestellt worden. 


Nicht alle sekundaren Fixpunkte sind unmittelbar mit einem Gas- 
thermometer gemessen worden. 


Sanersted 
P.T-R. 1931-32 Heuse ut 273,15 
| 4 Leiden |! ) Fri. Var 27 
Japan 1935 \oyama 273,15 
t 193 euse und Or 73 15 
P.T.R. 1931 Heuse und Ort 273,15 
Leiden 1931 Keesom, Bijl, V. d. Horst — 273.15 ‘toe | 
: N.BS 439 Hoge ur Brickwedde 20,384 90,168 
NI n und Ast 37 7215 
1951 1 Astor 20,370 273,15 1 
U.S.S.R Borovik-Romanow nd 20,379 90,168 
7 Strelkow 
tte 
Mi iwert 20.35/38 
Heliur > 
i li nnes ind +216 273,15 
nd Keeson +215, 20,378 
Berma i Swensor 20,378 
1955 rr nk $715 
Mittelwert 
: 
¢ > H k ter Weise 
Me r Wert 2 IS°K 
] I W. ] e Bez 
Tabelle 2. Der Siedepunkt des normalen Wasserstoffs 
is pn 
131 Procés Verbaux C.1.P.M. 1952. T 60 
131 Procés Verbaux C.1.P.M 52, T 45 20 4 
39 7. Research N.B.S.. 22 939 39 
P.S.U. 195] 7. Chem. I 22. 2096 (1954 365 
rocés Verbaux C.1.P.M. 1952. 7. 380 
- 
. 
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Tabelle 3. Sekundare Fixpunkte (°K 


Argon Siedepunkt 83.81 
Suckstoff Siedepunkt 77,35 
Sauerstoff lripelpunkt 54,34 
Parawasserstoff Siedepunkt 20,27 
normaler Wasserstoff Tripelpunkt 13,95 
Parawasserstofl rripelpunkt 13,81 
Helium A—Punkt 2,172 


Zur genauen gasthermometrischen Bestimmung der Fixpunkte braucht 
man die Virialkoeffizienten des benutzten Gases. Die diesbeziiglichen 
Korrektionen sind fiir das normale Heliumgasthermometer von Heuse und 
Otto, Keesom und Tuyn und von Keyes berechnet worden. Die Ergebnisse 


dieser Autoren unterscheiden sich nur um einige wenige tausendstel Grade. 


DIE BENUTZUNG DES SATTIGUNGSDRUCKES FUR 
TEMPERATURMESSUNGEN 


Niedrige Temperaturen werden fast immer mit verfliissigten Gasen 
hergestellt. Da nun der Sattigungsdruck eine eindeutige Funktion der 
Temperatur darstellt, wird er sehr haufig zur Temperaturmessung benutzt, 
nachdem vorher die Temperaturabhangigkeit mit einem Gasthermometer 
gemessen worden ist. Die Sattigungsdrucke von O,, N,, H,, He und von 
anderen weniger verwendeten Gasen sind an verschiedenen Instituten 
gemessen worden. 

Zur Zeit ist die p-7-Beziehung fiir ‘He genau bekannt und die darauf 
bezogene T,.-Skala fiir das ‘He Gebiet ist international anerkannt worden. 

Die thermodynamische p—-7-Beziehung von *He und *He ist sehr wichtig 
fiir die Temperatur-Skala, weil der Dampfdruck fiir hinreichend niedrige 
Werte in einer einfachen Beziehung zur Temperatur steht. Fiir Drucke 
bis zu etwa | atm kénnen Korrektionen noch mit guter Genauigkeit 
berechnet werden. 

Fiir O,, N, und H, sind von verschiedenen Autoren Daten fiir die 
Sattigungsdrucke publiziert worden. Es gibt aber keine international 
anerkannte p-T7-Relationen fiir diese Gase. Nur ist fiir O,, bei der 
Definition der internationalen Temperaturskala von 1948, eine Inter- 
polationsformel fiir Drucke zwischen 660 und 860 mm Hg empfohlen 
worden. Im allgemeinen ist bei der Wahl einer p—7-Relation sehr zu 
empfehlen, nicht nur den gasthermometrischen Daten, sondern auch den 
thermodynamischen Daten Rechnung zu tragen und sich den thermo- 
dynamischen Formeln méglichst genau anzuschliessen. Die verschiedenen 
p-T-Relationen fiir O,, N, und H, weisen Differenzen bis zu einigen 
hunderdstel Graden auf, und es ist immer noch wiinschenswert, genauere 
Daten fiir diese Bezichungen zu gewinnen. 


DIE THERMODYNAMISCHE TEMPERATUR UND DAS GESETZ 
VON CURIE-WEISS 

Das Gesetz von Curie-Weiss, y = C/(T — 4), enthalt zwei Konstante C 

und 4. In einfachen Fallen ist 4 gleich Null oder kann A berechnet 

werden, Man braucht dann nur das Verhiltnis zweier Suszeptibilitaten 
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zu messen, um das VerhAltnis der Temperaturen zu bekommen. Allerdings 


misst man gewohnlich nicht y, sondern eine lineare Funktion det Suszepti- 
bilitat: 


m ay 


und berechnet die sogenannte magnetische Temperatur, 7, mit Hilfe 
der Bezichung: 


A 
— +4 


m Mo 


Tm 


Hinlangliche Genauigkeit erhalt man in der Praxis mit dieser Methode der 
Temperaturmessung nur bei niedrigen lemperaturen. Fiir Temperaturen 
unterhalb 1°K ist sie aber die meist benutzte Methode. Allerdings hat 
man dann haufig Abweichungen von einfachen Curie—Weiss-Gesetz wegen 
Auftretens von inneren elektrischen und magnetischen Feldern zu 
beri ksichtigen. 

Fir die genaue Bestimmung der p-7-Relationen von *He und *°He 
haben Messungen an paramagnetischen Salzen sehr wichtige Auskunft 
gegeben, 


DER UMKEHRBARE KREISPROZESS 


Die Temperaturmessung unterhalb 1°K ruht nur teilweise auf Suszepti- 
bilitatsmessungen an Salzen. lemperaturen nahezu gleich oder kleiner 
als 4 kénnen nicht mehr genau aus den gemessenen Suszeptibilitaten 
berechnet werden. Man kann dann einen reversiblen Kreisprozess 
benutzen. Fiihrt man durch passende Anderungen der magnetischen 
Feldstarke und der Temperatur das paramagnetische Salz einen ganzen 
Kreis herum, dann ist die Entropie des Salzes am Ende dieselbe wie am 
Anfang: 


Es ist tblich, den Kreisprozess auf zwei nebeneinander liegenden 
Adiabaten ablaufen zu lassen. An den Endpunkten geht man von der 
einen auf die andere iiber durch eine geringe Warmezufuhr oder -abfuhr. 
Es soll dann 
|AQ.| 


sein, und wenn Anfangstemperatur 7, und Warmemengen Q, und Q- 
gemessen sind, kann die Endtemperatur 7, berechnet werden. Oft 
geniigt es, nur eine Warmemenge zu messen. Die Entropiedifferenz AS, im 
magnetischen Felde lasst sich dann geniigend genau berechnen, und es ist 


|AQ.| 
AS, 


Ist die spezifische Warme im Magnetfeld fiir T, und ohne Magnetfeld 
fir 7, schon gemessen, dann kann die folgende Beziehung benutzt werden: 


: 
= 
lies 
7 
© 
: ‘H H 
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Die spezifische Warme C¥# und die Temperatur 7 $ am Endpunkt auf der 
Adiabate kénnen wie Funktionen eines willkiirlichen Parameters gemessen 
werden. Am haufigsten benutzt man dafiir wieder die Suszeptibilitat. 


SEKUNDARTHERMOMETER 


Die thermodynamischen Temperaturen werden vielfach mit guter 
Genauigkeit mit Sekundarthermometern gemessen, die vorher mit Gas- 
thermometern verglichen werden. Die wichtigsten Sekundarthermometer 
sind Dampfdruckthermometer, Thermoelement, Widerstandsthermometer 
und Halbleiterthermometer. 


(a) Mit Hilfe von Dampfdruckthermometern sind viele Fixpunkte 
gemessen worden, Die meisten Eichungen an Widerstands- und Halbleiter- 
thermometern werden damit vorgenommen. Bei ganz reinen Gasen wie 
verfliissigtes He und H, misst man den Dampfdruck gewohnlich unmittelbar 
am Kryostaten, wiewohl fiir ganz genaue Messungen die Benutzung spezieller 
Dampfdruckthermometer zu empfehlen ist, ausgenommen wenn es sich 
um ‘He unterhalb des A-Punktes handelt. 

(b) Das mit dem Gasthermometer geeichte Thermoelement ist ebenfalls 
haufig fiir die Bestimmung von Fixpunkten und fiir Temperaturmessungen 
zwischen 90° und 10°K verwendet worden. Es hat die bekannten Vorteile 
der geringen Warmekapazitat und des ganz geringen Volumens. Im 
allgemeinen sind aber die Messungen mit einem Thermoelement weniger 
genau als die mit einem Widerstandsthermometer. 

(c) Die fiir die Temperaturmessungen zwischen 90° und 10°K meistens 
gebrauchten und zu empfehlenden Widerstandsthermometer benutzen die 
Temperaturabhangigkeit des elektrischen Widerstandes von Pt, Au oder In. 
Am besten erforscht ist der Widerstand von fast reinem Platin. Die 
RT-Beziehung ist jedenfalls zwischen 90° und 10°K geniigend genau bekannt 
fiir Erweiterung der internationalen Temperaturskala bis 20°K, vielleicht 
selbst bis 10°K. Platinthermometer héchster Reinheit stimmen zwischen 
90° und 20°K in ihren Temperaturanzeigen auf einige wenige tausendstel 
Grad iiberein, wenn sie ausser am Siedepunkt des Sauerstoffs und des 
Wasserstoffs auch am Tripelpunkt des Sauerstoffs geeicht sind und man 
auf geeignete Weise interpoliert. 

(d) Temperaturen in dem Temperaturgebiet von fliissigem Helium 
lassen sich durch Widerstandsanderungen reiner Metalle nicht messen. 
Einige wenige Halbleiter wie Germanium und auch manche fiir Radio- 
technik kaufliche Kohlewiderstande haben hier einen ganz erheblichen 
negativen Temperaturkoeffizienten. Besonders bei speziellen Germanium- 
proben mit einem gewissen Indiumgehalt hat man eine starke Temperatur- 
abhangigkeit zwischen 1° und 5°K und eine gute Reproduzierbarkeit 
gefunden. 

e) Eine fast lineare Temperaturabhangigkeit findet man bei vielen 
Phosphorbronzethermometern. Ihre Temperaturabhangigkeit verdanken 
sie der allmahlichen Zunahme von ganz diinnen supraleitenden Faden aus 
Blei oder Bleilegierungen im Innern der Bronze. 
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Dazu méchte ich einige erlauterende Bemerkungen machen. 


1) Fir Messungen unterhalb 1°K ist die Benutzung des reversiblen 
Kreisprozesses sehr wichtig. Man lasst ein paramagnetisches Salz einen 
Kreisprozess durchlaufen, der folgendermassen dargestellt werden kann: 


Hauptsachlich geht der Weg zwei eng nebeneinander liegenden Adiabaten 
entlang, an deren Enden man durch Warmezufuhr oder Warmeabfuhr von 
der einen auf die andere ibergeht. In der Praxis misst man nur zugefihrte 
Warmemengen in Abhangigkeit eines zweckmassig gewahlten Parameters 
und korreliert die fiir Feld H und Feld Null gefundenen Werte des 
Parameters durch Demagnetisierungen und Magnetisierungen nach dem in 
Abb. 2 angegebenen Schema. 
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Wichtig ist, in welcher Weise bei Feld Null die Energie zugefiihrt und 
die Temperatur gemessen wird. Im allgemeinen ist es vorteilhaft, die 
Energie gleichmassig allen Teilen des Salzes zuzufiihren. Man kann das 
z.B. mit y-Strahlen machen. Fihrt man die Energie an der Oberflache zu, 
dann wird die Temperatur giinstig durch Suszeptibilitatsmessungen 
bestimmt. Die gesuchte Temperatur asst sich berechnen mit der Formel: 


dT? 


(2) Die thermodynamische Dampfdruckformel fiir den Sattigungsdruck 
des Heliums kann geschrieben werden: 


5 
Inp 


in (‘sp aT+-! d 


2B 3C, 
RT Vg 


mit «€ In 


Die ersten drei Terme sind die Hauptterme, die letzten drei sind 
Korrektionen, die allerdings bei héheren Temperaturen einen ganz 
betrachtlichen Einfluss haben, aber bei 1,5°K noch so klein sind, dass sich 
die Formel praktisch auf die ersten drei Termen reduziert. Zur Berechnung 
der p-7-Relation braucht man dann nur J, experimentell zu bestimmen, 
weil die statistische Thermodynamik nur mit Hilfe von genau bekannten 
Konstanten imstande ist, i genau zu berechnen. Zur Berechnung von L, 
braucht man nur eine gute gasthermometrische Temperaturbestimmung 
durchzufiihren, die zu einem bestimmten Sattigungsdruck unterhalb 1,5°K 
gehort. Eine andere Modglichkeit zur Bestimmung von J, oder zur 
Priifung des schon gefundenen Wertes hat man, wenn die latente Warme 
des verdampfenden Heliums fiir niedrige Temperaturen schon gemessen 
ist, weil in erster Naherung L = L, + (5/2)RT. Auf diese Weise wurde 
von Verschaffelt ein Wert fiir Ly berechnet und eine Dampfdruckformel 
fir 7 < 1,475°K aufgestellt, die ein Teil der 1924-Skala war und sich 
von den heutigen Skalen fiir 7 < 1,475 nur um einen sehr kleinen Betrag 
unterscheidet. 

Die Korrektionsterme der allgemeinen Dampfdruckformel kénnen heute 
bis 4,2°K so genau berechnet werden, dass man eine p-—7-Bezichung 
bekommt, die die Temperatur bis auf wenige Tausendstel Grad richtig 
angibt. 

Eine noch genauere p-7-Bezichung bekommt man, wenn man bis 
2,2°K die thermodynamische Berechnung und fiir Temperaturen von 2,2 
bis 5,2°K die Ergebnisse von Messungen an paramagnetischen Salzen 
benutzt. 

Die Kombination der mit beiden Methoden gewonnenen Ergebnisse 
lasst auch eine genauere Bestimmung von L, (59,62 J/Mol) zu, als es allein 
mit gasthermometrischen Messungen médglich ist. Auch macht diese 
Kombination es méglich, die Temperatur des A-Punktes (2,172°K) mit 
Hilfe der schon bekannten Werte fiir die Siedepunkte von H, und He bis 
auf 0,001°K genau zu berechnen, weil auch der Dampfdruck am A-Punkt 
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T..-skala benutzt und 20.38°K fir den Siedepunkt des normalen Wasserstoffs 
annimmt, wird fiir den lripelpunkt des normalen Wasserstoffs der Wert 
13,94°K gefunden. Der von Woolley, Scott und Brickwedde gemessene 
Wert ist 13,957. Ein Mittelwert gleich 13,95°K scheint mir heute der 
empfehlenswerteste zu sein. 

+) Uber cine gecignete Weise. Platinwiderstandsthermometer, die an 
zwei oder drei Fixpunkten gecicht sind, zu interpolieren, méchte ich noch 
ctwas sagen. 

Die cinfachste Annahme, die man fiir die Herleitung von Interpolations- 
formeln machen kann, ist, dass die spezifischen Widerstande der verschie- 
denen geeichten Thermometer sich nur unterscheiden durch vers« hiedene 
temperaturunabhangige Zusatzwiderstande, die von physikalischen und 
chemischen Defekten herriihren. 

Es soll dann die Funktion (R RR, R,) fir alle solche Wider- 
stande gleich sein und man kann sie fiir die Interpolation benutzen, wenn 
sic fir einen Widerstand mit dem Gasthermometer gemessen ist. Dieses 
Verfahren geniigt nicht fir hohe Genauigkeit (bis auf wenige 0,001°K 

Macht man die Annahme, dass der Zusatzwiderstand (r) zwar nicht 


temperaturunabhangig ist, aber fiir die verschiedene Widerstande bis auf 
einen konstanten Faktor (p) und cinen konstanten Term q) die gleiche 
lemperaturabhangigkeit hat (R + rundr = pe + ¢),dann kann man 
die folgende Forme! benutzen: 


dann 


Es sind und der Klammerausdruck fir alle 
betrachteten Widerstande gleiche l'emperaturfunktionen, und der Unter- 


chied zwischen den (R RR, R,)-Werten von zwei Thermometern 
ist dem Klammerausdruck proportional. Fir diesen Klammerausdruck 
kann man cine Naherungsformel benutzen. wenn man sie nicht genau 
kennt oder wenn cine solche einfache Naherungsformel genau genug ist. 
Ein Analyse von vorhandenen Ergebnissen zeigt, dass diese Verfahren 
nur genau genug sind, wenn man sich auf die Platinwiderstandsthermometet 
m sehr reinem Platin (a 0,003923) beschrankt. 
Gute Interpolation kann man auch fiir etwas weniger reines Platin 
. 0,003920) bekommen, wenn man der Interpolation cine Zweiband- 
vorstellung zugrunde legt. In diesem Fall kann man die folgende 


benutzen 


{ wy 


Pen 


mit fob; = Rg; Ry Eispunktwiderstand; 


Rog Widerstand fiir 7 0; p, und p, Konstanten, 
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THERMODYNAMISCHE TEMPERATURSKALA, 
IHRE REALISIERUNG ZWISCHEN 90° UND 
1500°K 


Hetmut Moser 
Physikalisch- Technische Bundesanstalt, Braunschweig, Deutschland 


Seit Lord Kelvin im Jahre 1852 gezeigt hat, daB sich auf den zweiten 
Hauptsatz der Thermodynamik eine Temperaturskala griindenlaBt, die 
unabhangig von speziellen Stoffeigenschaften ist, war es nicht mehr zweifel- 
haft, daB dieser thermodynamischen Skala die Zukunft gehéren wiirde. 
Sie ist denn auch bis auf den heutigen Tag die Grundlage aller Temperatur- 
messungen geblieben, und es sind besonders um die Jahrhundertwende 


groBbe Anstrengungen gemacht worden, die praktischen Methoden der 


Temperaturmessung an die thermodynamische Skala anzuschlieBen. 


Um thermodynamische Temperaturen zahlenmaBig angeben zu kénnen, 


geniigt der zweite Hauptsatz allein nicht. Dazu ist noch die Festlegung der 
Temperatureinheit, die sich nicht ohne Zwangin das C.( 7.5-System einordnen 
lat, per definitionem erforderlich. Dies ist bis vor einigen Jahren nach dem 
Vorschlag von Celsius (1742) dadurch geschehen, daB man das Temperatur- 


intervall zwischen dem normalen Eisschmelzpunkt und dem normalen 


i Wassersiedepunkt in 100 Grade eingeteilt hat, obwohl bereits Lambert 
" 1760), Lord Kelvin u.a. darauf hingewiesen haben, daB fiir die Festlegung 
a der Temperatureinheit ein einziger Fixpunkt geniigt, wenn diesem ein 


bestimmter ‘Temperaturwert zugeordnet wird. Dieser Gedanke ist 
im Jahre 1954 dadurch verwirklicht worden, daB die 10. Generalkonferenz 
fiir Ma®i und Gewicht! in Paris beschlossen hat, die thermodynamische 
Temperaturskala auf einen einzigen Fixpunkt, namlich den mit sehr groBer 
Genauigkeit reproduzierbaren Wassertripelpunkt, zu griinden und diesem 
den Temperaturwert 273,16°K zuzuteilen. Der Wassertripelpunkt dient 
seitdem als Bezugstemperatur fiir alle thermodynamischen Temperaturmes- 
sungen. Er liegt um 0,01 grd héher als der normale Eisschmelzpunkt, von 


dem aus, wie bisher, die Celsiustemperaturen gemessen werden. 

Diese Neudefinition der Temperatureinheit ist z.Z. mehr von prinzipieller 
als von praktischer Bedeutung, denn der Wert 273,16°K ist so gewahlt, 
daB die Temperaturdifferenz zwischen dem normalen Eisschmelzpunkt und 
Wassersiedepunkt innerhalb der Unsicherheit der heutigen thermodyna- 
mischen MeBverfahren 100,00 grd bleibt. Es ist jedoch méglich, daB mit 
Verleinerung dieser Verfahren Abweichungen von dieser Differenz bis zu 

0,005 grd gefunden werden, da der normale Wassersiedepunkt nach der 
Neudefinition kein Fundamentalpunkt mehr ist. 


1. FUNDAMENTALE MESBVERFAHREN 
Der zweite Hauptsatz der Thermodynamik liefert viele GesetzmaBig- 
keiten, auf die sich eine thermodynamische Temperaturmessung stiitzen 
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kénnte (z.B. Carnotscher KreisprozeB, Joule-Thomson-Effekt, Clausius 
Clapeyronsche Gleichung). Es ist bemerkenswert. daB oberhalb von 90°K 
bisher von diesen Méglichkeiten det Temperaturmessung kaum Gebrauch 
gemacht wurde, einerseits weil die darauf zu griindenden MeBverfahren in 
der Durchfiihrung zu schwierig und umstindlich sind, andererseits weil die 
zu erwartende MeBgenauigkeit nur gering ist. Die wenigen Methoden, 
die praktisch fiir die direkte Messung thermodynamischer Temperaturen 
in Frage kommen, stiitzen sich fast ausschlieBlich auf Bezichungen, die nicht 
aus dem zweiten Hauptsatz ableitbar, sondern entweder auf statistischem 
Wege theoretisch begriindet sind oder auf einem Erfahrungssatz beruhen. 
Trotzdem ist es nicht zweifelhaft, daB die mit ihnen gemessenen Tempera- 
turen mit den thermodynamischen identisch sind. 


Gasthermometer 

Das gasthermometrische Verfahren ist im Temperaturbereich von 90°K 
us 1500°K das genaueste und bei weitem am haufigsten angewendete. 
Es stiitzt sich auf die zunachst empirisch gefundene und spater mit Hilfe 
der kinetischen Gastheorie begriindete Tatsache. daB das Produkt aus dem 
Druck p und dem Volumen 2 eines Gases bei hinreichendet Verdiinnung 
idealer Gaszustand) fiir alle Gase eine eindeutige Funktion der 7 emperatur 


pi C7 


Unter dieser Voraussetzung laBt sich tiber einen Carnots hen KreisprozeB 
beweisen, daB die so gefundene Temperatur mit det thermodynamischen 
identisch ist. 

Da sich, wie oben bemerkt. die Temperatureinheit nicht ohne Zwang 
auf andere Einheiten des C.G.S.-Systems zuriickfihren laBt, kann eine 
thermodynamische lemperatur mit Hilfe det Zustandsgleichung (1) nur 
relativ zu einer Bezugstemperatur 7) bestimmt werden. Jede gasther- 
mometrische Messung geschieht daher in der Weise. daB die Zustands- 
groBen p, v und T in zwei verschiedenen thermodynamischen Zustanden 
gemessen werden und das Verhaltnis J) 7) gebildet wird, wobei die Konstante 
C (GI.(1 herausfallt. Als Bezugstemperatur Ty» wird zweckmaBigerweise 

les Wassertripelpunktes gewahlt, deren Wert (27 16K 
urch Definition festliegt (s.o.). Je nachdem, ob bei det Zustandsanderung 


die Temperatur « 
das Volumen pv oder der Druck p konstant gehalten wird, unterscheidet man 
die speziellen Methoden konstanten Volumens oder konstanten Druckes. In beiden 
Fallen muB das GasthermometergefaB von Ty auf 7 erwarmt odet1 abge- 
kihlt werden, wobei im allgemeinen stérende Sorptionseffekte auftreten. 
Diese k6nnen mit der neueren speziellen Methode ** konstanter GefaBt mperatur 
weitgehend vermieden werden. Das GasthermometergefaB befindet sich 
bei diesem Verfahren dauernd auf der zu messenden Temperatur 7 und 
ist iiber eine Kapillare mit einem auf det Bezugstemperatur Ty» gehaltenen 
und zunachst mit Quecksilber gefiillten ZusatzgefaG verbunden. Die 
Zustandsanderung wird durch Freigabe des ausgemessenen Zusatzvolumens 
bewirkt, wobei ein Teil des Gases im PhermometergefaB in das ZusatzgefaB 
stromt und dessen T emperatur annimmt. 

Die Reduktion der mit realen Gasen durchgefiihrten Messungen auf den 
idealen Gaszustand bereitet im allgemeinen keine Schwierigkeiten. Sie 
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geschieht entweder mit Hilfe von Korrektionen, die aus den 2. Virial- 
koeffizienten der Gase bestimmt werden*, oder durch Extrapolation der 
bei verschiedenen Anfangsdrucken gasthermometrisch gemessenen Tempera- 
turen auf den Druck Null. Es hat sich gezeigt, daB auf diese Weise selbst 
bei 1000°C innerhalb der MeBunsicherheit von + 0,1°C mit verschiedenen 
Gasen gleiche Temperaturwerte erhalten werden, wodurch die Unabhan- 
gigkeit der Ergebnisse von speziellen Stoffeigenschaften geniigend gesichert 


ist. 

Beziiglich Einzelheiten der bei hohen Genauigkeitsanspriichen kompli- 
zierten und besonders in héheren Temperaturen schwierig durchzufiihrenden 
gasthermometrischen Messungen muB auf die Originalliteratur verwiesen 
werden*®, Es mége hier nur erwahnt werden, daB sich nach Ansicht des 


Verfassers bei dem heutigen Stand der MeBtechnik zwischen — 180° und 
200 °C eine Genauigkeit von mindestens + 0,01 gerd, bei 500°C von 
etwa + 0,02 grd und bei 1000°C von etwa + 0,1! gerd bei sorgfaltiger 


Ausschaltung systematischer Fehler erreichen l4Bt. Das diirften die 
héchsten Genauigkeiten sein, mit denen thermodynamische Temperaturen 
im Bereich von 80° bis 1200°C derzeit gemessen werden kénnen. 
Leider hat die Angleichung der praktischen Internationalen Temperatur- 


skala an die thermodynamische Skala bis zu diesem Genauigkeitsgrad noch 


nicht erfoleen kénnen, so daB bei praktischen Temperaturmessungen beson- 


ders in héheren Temperaturen mit erheblich gréBeren Unsicherheiten gerech- 
net werden muB (vgl. Abd. 1). Der Grund liegt darin, daB die heutige 
Angleichung im wesentlichen noch auf gasthermometrischen Messungen 


beruht, die vor 1914 durchgefiihrt worden sind und den heute méglichen 
Genauigkeitsgrad nicht erreicht haben. Spatere vereinzelte Messungen 
verschiedener Autoren lassen zwar die Richtung erkennen, in der eine 
Anderung der Internationalen Temperaturskala vorgenommen werden 
miiBte; sie sind jedoch zu wenig zahlreich und noch nicht geniigend in 
Ubereinstimmung, um jetzt schon eine entsprechende internationale 
Vereinbarung zu erméglichen. Es ist zu hoffen, daB sich dieser Zustand 
in den nachsten Jahren Aandern wird. 


Optisch pyrometrische Verfahren mit schwarzem Strahler 


Die Strahldichte eines schwarzen Strahlers—im allgemeinen realisiert 
durch einen Hohlraumkérper mit kleiner Offnung—ist unabhangig von 
speziellen Stoffeigenschaften und eine eindeutige Funktion der thermo- 
dynamischen Temperatur. Je nachdem, ob die Gesamt- oder die Teil- 
strahldichte gemessen wird, unterscheidet man: 


Tetlstrahlungspyrometer 


Die MeBgrundlage liefert die Plancksche Strahlungsformel 
g 


exp — | 


(2 


exp ¢,/AT l 


* Erforderlich ist die Kenntnis der zweiten Virialkoeffizienten Kp und Kz bei der Bezugs- 
temperatur 7» und der zu messenden Temperatur 7, wobei Kp experimentell im allgemeinen 
mit ausreichender Genauigkeit ermittelt werden kann. Ky braucht umso weniger genau 
bekannt zu sein je héher 7 ist. So entspricht z.B. einer Unsicherheit des K 7 von 10 Prozent 
am Goldpunkt nur ein Fehler der thermodynamischen Temperatur dieses Punktes von 
0,04° bis 0,00°C. 
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Man bestimmt das Verhaltnis V7 der Teilstrahldichten eines schwarzen 
Strahlers bei den Temperaturen T und 7» und bei gleicher Wellenlange A. 
Die Konstante c, kann aus atomaren und allgemeinen Konstanten der 
Physik berechnet werden. Dieses Verfahren bildet einen Teil der Inter- 
nationalen Temperaturskala (vgl. 2). 


b) Gesamtstrahlungspyrometer 

Durch Integration der Planckschen Strahlungsformel itiber alle Wellen- 
langen erhalt man das Stephan-Boltzmannsche Gesetz, das sich auch aus 
dem zweiten Hauptsatz der Thermodynamik ableiten l4Bt. Aus diesem 


Gesetz folgt fiir das Verhaltnis Vg der Gesamtstrahldichten eines schwarzen 

Strahlers bei den Temperaturen T und Ty» die Bezichung: 
Ts 


Vorteilhaft ist bei diesem Verfahren die groBe Strahlintensitat und die 


(3) 


Mingigkeit von einer Strahlungskonstanten: indessen ist es bei 
genauen Messungen schwierig, die Strahlung iiber alle Wellenlangen voll- 
standig zu erfassen und Absorptionseffekte geniigend auszuschalten. 

Die optisch pyrometrischen Verfahren dienen hauptsachlich oberhalb 
des Golderstarrungspunktes (internationaler Wert 1336,15°K 1063°C 
zur Realisierung der thermodynamischen Temperaturskala. Die Ver- 
feinerung dieser MeBverfahren, insbesondere durch Entwix klung objektiver 
Pyrometer, hat dazu gefiihrt, daB mit ihnen heute oberhalb des Gold- 
punktes eine gréBere Genauigkeit erreicht werden kann, als es mit Hilfe 
von Gasthermometern mdglich erscheint. Es mu jedoch darauf hinge- 
wiesen werden, daB sich jede optische lemperaturmessung auf eine gas- 
thermometrische griinden muB. da es praktisch nicht méglich ist, den Wasser- 
tripelpunkt wegen zu geringer Strahlintensitat als Bezugstemperatur der 
optischen Skala zu wahlen. Diese stiitzt sich vielmehr auf den Goldpunkt, 
der kein Fundamentalpunkt der thermodynamischen Skala ist und dessen 


gasthermometrischer Bestimmung daher erhohte Bedeutung zukommt. 


“Rausch"-Thermometer 

Auf den Zusammenhang, der zwischen den durch die Warmebewegung 
bedingten statistischen Schwankungen und det thermodynamischen 
Temperatur besteht, laBt sich ein weiteres fundamentales MeBverfahren 


griinden. Aus der statistischen Thermodynamik folgt, daB die mittlere 


quadratische Spannungsschwankung T? zwischen den Enden eines elek- 
trischen Widerstandes R im Frequenzbereich Af der thermodynamischen 
Temperatur T sowie Af und & proportional ist (Nyquist). Bringt man 
daher einen Widerstand R auf die lemperatur 7 und reguliert man einen 
auf der Bezugstemperatur 7) befindlichen Widerstand Ry so lange, bis an 
beiden Widerstanden im gleichen Frequenzbereich dieselbe quadratische 
Rauschspannung T? herrscht, so gilt: 


TR 4) 


Garrison und Lawson’ haben im Jahre 1949 eine auf dieser Grundlage 


beruhende lemperaturmeBeinrichtung beschrieben und bei 1000°C eine 


1/U 
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Genauigkeit von | bis 2 grd erreicht. Ob sich diese steigern l4Bt, kann 
heute noch nicht tibersehen werden; immerhin ist ein prinzipiell neuer Weg 
der Realisierung der thermodynamischen Temperaturskala aufgezeigt 
worden, 


2. PRAKTISCHE MEBVERFAHREN 
(INTERNATIONALE TEMPERATURSKALA) 


Die unter 1 beschriebenen fundamentalen MeBverfahren zur Realisier- 
ung der thermodynamischen Temperaturskala sind im allgemeinen schwierig 
und z.T. nur mit groBem experimentallem Aufwand durchfiihrbar. Sie 
werden daher praktisch selten angewendet. Wesentlich leichter realisierbar 
ist die Internationale Temperaturskala, die erstmalig im Jahre 1927 von 
der 7, Generalkonferenz fiir MaB und Gewicht festgelegt und im Jahre 1948 
von der 9. Generalkonferenz in einigen Punkten abgeandert wurde’. 


2 Sb Ag Au 
! E=Erstarrungspunkt 


4 4 Sp:Siedepunkt 
182,97 © 100,00 444,60 (630,5) 960,8 1063 °C 


Pt/(Pt+10%Rh) 
Mefigerate Pt-Widerstandsthermometer Optisches Pyrometer 
a | = 
2 3 Sa - 
Interpola exp.co/AT-1 
tionsformetn nur 1438. cm grad 
1200 1400 
1400 1600 1800 *K(T) 
30 


Abb. 1. Internationale Temperaturskala 1948: A, Mittel aus Leidener und P.T.R.- 
Messungen®; B, nach M.1.T.-Mussengen*; C, nach P.T.B.-Messungen’:; D, nach Messungen 
im Tokyo Institute of Technology*; E, extrapoliert mit Tay 1064,76° statt 1063°C, 

1.4388) statt 1,438 cm erd 


Die Internationale Temperaturskala 1948 bildet heute die Grundlage 
aller praktischen Temperaturmessungen. Sie wird verwirklicht einerseits 
durch eine Anzahl gut reproduzierbarer Fixpunkte, denen bestimmte 
Temperaturwerte zuerteilt sind, andererseits durch Interpolationsinstru- 
mente, die an diese Fixpunkte nach bestimmten Vorschriften angeschlossen 
werden. Ihre Reproduzierbarkeit ist wesentlich gréBer als die der thermo- 
dynamischen Skala. An diese ist die internationale Skala dadurch ange- 
glichen, daB ihren Fixpunkten gasthermometrisch gemessene Werte zugrunde 
gelegt werden, die jedoch im wesentlichen noch aus den Jahren vor 1914 
stammen. LEinzelheiten sind aus Abd. ] zu ersehen. 

In Abb. ] sind insbesondere auch die Abweichungen AT zwischen der 
Internationalen Temperaturskala 1948 und der thermodynamischen Skala 
eingetragen, mit denen man auf Grund neuerer gasthermometrischer 
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Messungen rechnen muB und die z.T. nicht unerheblich sind*. Im 


allgemeinen liefert die Internationale lemperaturskala etwas zu ticle 


thermodynamische Temperaturen. Hinsichtlich der GréBe der Abwei- 


chungen beider Skalen bestehen leider zwischen verschiedenen Beobachtern 


noch gewisse Differenzen, die erst aufgecklart werden miissen. bevor cine 


bessere Angleichung der internationalen Skala an die thermodvnamische 
erlolgen kann. Solange dices nicht geschehen ist, wird man bei der Bestim- 


mung thermodynamischet lemperaturen mut Hilfe ecincs praktischen 
MeBverfahrens der Internationalen Temperaturskala mit Unsicherheiten 

rechnen haben, die den in Abi / dargestellten maximalen Abweichungen 
entsprechet Be tzt man cin anderes, nichtthermodynamisches MeBver- 
der Gerat (z.B. Quecksilberthermometer), so kommen natiirlich 
die Fehler bei dessen AnschluB an die internationale Skala noch 
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THERMODYNAMISCHE TEMPERATURSKALA, 
IHRE REALISIERUNG AN FESTEN KORPERN 
FUR TEMPERATUREN OBERHALB 1500°K 


C. P. 
Physikalisch- Techmsche Bundesanstalt, Institut, Berlin, Deutschland 


Die praktische Realisierung der thermodynamischen Temperaturskala 
durch das Gasthermometer reicht gegenwartig bis zur Temperatur des 
Goldschmelzpunktes. Die Ausdehnung dieser Skala nach héheren Tem- 
peraturen ist mit Hilfe der Strahlungsgesetze des schwarzen Kdérpers 
mdglich, da diese im Einklang mit dem zweiten Hauptsatz stehen und die 
hier auftretenden Temperaturen thermodynamische Temperaturen sind. 
Bekanntlich wird das Stephan—Boltzmannsche Gesetz der Gesamtstrahlung 
auch als direkte Folge des zweiten Hauptsatzes abgeleitet. 

Die Internationale Temperaturskala'!, welche die thermodynamische 
mdglichst genau wiedergeben soll, benutzt daher auch die Strahlungsge- 
setze, um die Temperaturskala nach oben auszudehnen. Sie setzt ein 
Verfahren fest, nach dem die Extrapolation vorgenommen werden soll. 
Hiernach wird die Temperatur 7 eines schwarzen Kérpers oberhalb des 
Goldschmelzpunktes (74,4) gemessen, indem fir cine im Sichtbaren gelegene 
Wellenlinge A das Verhaltnis V der Strahidichten dieses schwarzen Korpers 
und des auf den Goldschmelzpunkt gehaltenen bestimmt wird. 7 wird 


also erhalten aus 


Hier treten zwei Konstanten auf, c, und 7, y, deren Zahlenwerte in der 
Internationalen Temperaturskala festgesetzt werden. 

Das Strahidichteverhaltnis laBt sich in der Weise bestimmen, daB durch 
cine genau ausgemessene Lichtschwichung—z.B. ein rotierender Scktor 
bekannter Offnung—die Strahlidichte des héher temperierten schwarzen 
Korpers auf die des auf den Goldschmelzpunkt gehaltenen erniedrigt wird. 
Fir diese Messung und fiir die Ermittlung der Temperaturen auf Grund 
der Strahlungsgesetze verwendet man die bekannten optischen Pyrometer. 
Die Internationale Temperaturskala 1948 hat die Konstanten in der 
obigen Bezichung zu 7 ay 1063 973.15)°K und Ce 1.438 cm °K 
festgesetzt. Beide Werte scheinen nach unserer gegenwartigen Kenntnis 
zu niedrig zu sein. Neue Prazisionsmessungen® haben fiir den Goldschmelz- 
punkt 1337,6°K geliefert. Der Zahlenwert fir c, kann aus den gut bekann- 
ten Atomkonstanten zu ¢, 1.4388 cm°K berechnet werden, ndhert sich 
also dem Wert 1,439. Wenn kinftige Untersuchungen diese Zahlenwerte 
bestAtigen, wird die Generalkonferenz fiir MaB und Gewicht die Konstanten 
neu festsetzen missen. 
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itungen bezogen sich nur auf den schwarzen Koérper. Will 
nan die mperatur cines belicbigen Strahlers messen. so kann man diese 
Aufgabe auf dic lemperaturmessung cines schwarzen Korpers zuriick- 
luhren, der sich mit dem zu untersuchenden Strahler im Warmegleich- 
gewicht befindet 

Uber Methoden zur Ermittlung det Iemperaturen fester Korper soll 
hier kurz berichtet werden Die Beschrankung auf nur diese Korper setzt 
¢ obere Temperaturerenze fest, die bei rd. 4300°K liegt. 
we Forderung, daB der zu untersuchende Koérper im Warmegleichgewicht 
mit einem schwarzen Korper stehen muB, kann man in vielen Fallen durch 
geagnete Formgebung des Karpers erfiillen, z.B. bei Metallen, indem man 
sie als Zylinder von geringer Wandstirke ausleget und mit einer kleinen 


Offnung fiir den Durchtritt der schwarzen Strahlung versicht. lempera- 


turmessungen mit solchen Anordnungen sind in der Literatur vielfach 
beschrieben worden Die Schmelzpunkte der Edelmetalle hat man mit 
rober Genauigkeit ermittelt, indem man einen Hohlkorper aus einem 


Material, das nicht mit dem Metall reagierte, in diese tauchte und die aus 
emer Offnung des Hohlkorpers austretende schwarze Strahlung wahrend 
oder Erstarren fiir die Temperatur- 


Eine weitere Méglichkeit, die Ten peratur eines beliebigen lemperatur- 


Strahlers zu ermitteln, liefert das Kirchhoffsche Gesetz. Der Betrag der 


in einem abgegrenzten Spektralbereich ausgestrahlten Leistung des Strah- 
lers, dividiert durch den Wert seines Absorptionsgrades. ist hiernach 
ebenso gro wie die Strahlungsleistung des schwarzen Korpers gleicher 


lemperatur in dem gleichen Spektralbereich. Dieses allgemein giiltige 
Gesetz steht ebenfalls im Einklang mit dem zweiten Hauptsatz, da man bei 
Nichterfiillung Widerspriiche gegen ihn ableiten kénnte. Hiernach kann 
nperatur eines beliebigen Temperaturstrahlers messen, 
wenn man seinen Absorptionsgrad kennt. Im allgemeinen muB dieser Wert 
durch eine zusatzliche Messung bestimmt werden. 

Es sind auch Versuchsanordnungen entwickelt worden. die eine Messung 
des Absorptionsgrades umgehen. Sie beruhen darauf. durch eine zusatz- 


liche Bestrahlung des zu untersuchenden Korpers zu erreichen, daB die 


von ihm in eine bestimmte Richtung refiektierte Strahlung. vermehrt um 


die aul Grund seiner thermischen Energie in diese Richt ins emittierte 


Strahlung, ebenso groB ist wie die eines schwarzen Korpers gleicher 
lemperatur. man beispielsweise Strahlung eines schwarzen Korpers 
auf einen erhitzten Korper fallen, dessen Oberflache regular reficktiert, 
und vergleicht man die Strahldichte der von seiner Oberfliche aus- 
gesandten, aus refiektiertem Anteil und Eigenemission bestehenden Strah- 
lung mit der Strahlidichte des schwarzen Koérpers, so stimmen beide nur 
berein, wenn der Kérper und der schwarze Strahler gleiche 

haben. Ein Gerat, das nach diesem Verfahren arbeitet. hat 


Fastie® angegeben. 


Temperatur 


Dasselbe Resultat kann man auch erzielen, wenn man den erhitzten 
Korper in der Mitte einer Ulbrichtschen Kugel‘ anordnet. deren Innenwand 
iiberall gleichmaBig beleuchtet wird (Abb. 7). Durch eine Offnung in der 
Kugelwand betrachtet, leuchtet die Wand in der Beoba htungsfarbe 
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Abb. 1 


mit einer Helligkeit, der man eine scheinbare Temperatur zuordnen kann, 
namlich die Temperatur eines schwarzen Koérpers, der in der Beobach- 
tungsfarbe die gleiche Helligkeit aufweist. Der erhitzte Korper in der 
Kugelmitte strahlt durch die Offnung der Kugelwand auBer seiner Eigen- 
strahlung auch Wandstrahlung, die an dem Korper reflektiert worden ist. 
Kann man die Helligkeit der Kugelwand so regeln, daB der Koérper in 
der Kugelmitte im Gesichtsfeld verschwindet, dann ist die der Helligkeit 
der Kugelwand zugeordnete Temperatur gleich der thermodynamischen 
Temperatur des Kérpers in der Kugelmitte. Bei diesem Verfahren ist 
es gieichgiltig, ob die Oberflache des Korpers die Wandstrahlung regular 
nach dem Reflexionsgesetz oder diffus zuriickstrahlt. Leider reichen die 
Temperaturen, die man nach dieser Methode ermitteln kann, nur bis etwa 
1700 

In der gleichen Anordnung kann man auch den Absorptionsgrad belie- 
biger Kérper bestimmen. Man wird unabhangig von det Temperatur des 
Korpers, wenn man die Kugelwand durch Wechsellicht gleichma Big 
ausleuchtet. Der Koérper in der Kugelmitte wird durch die Offnung in 
der Wand auf eine Photozelle abgebildet, die an einen auf die Wechsellicht- 
frequenz abgestimmten Verstarker angeschlossen ist. Zur Anzeige gelangt 
dann nur das an dem Korper reflektierte und, nach Fortnahme dieses 
Korpers aus dem Strahlengang, das einfallende Wechsellicht. 


Ein anderes Verfahren®, das ebenfalls ohne Kenntnis des Absorptions- 
grades die wahre Temperatur eines gliihenden Koérpers zu messen gestattet, 


stiitzt sich auf die Eigenschaft des schwarzen Korpers, nur unpolarisierte 


Strahlung auszusenden. Im Gegensatz dazu ist die von einem gliihenden 
Metall seitlich emittierte Strahlung weitgehend polarisiert. Fallt un- 
polarisiertes Licht unter einem Winkel « (z.B. « = 45°) auf eine gliihende 
Metallflache, so wird die aus reflektiertem Anteil und thermischer Emission 


zusammengesetzte Strahlung in der Reflexionsrichtung im allgemeinen 
noch polarisierte Komponenten enthalten. Bei einer bestimmten Strahl- 
dichte der auftreffenden Strahlung kann jedoch erreicht werden, daB die 
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zusammengesetzte Strahlung unpolarisiert ist. Sie stimmt dann iiberein 


mit der Strahlung eines schwarzen Korpers, der die gleiche Temperatur 
wie das Metall hat. 


Die Richtigkeit diese Behauptung folgt aus dem Kirchhoffschen Gesetz 


wenn man dieses auf die polarisierten Anteile der von der untersuchten 


Oberflache unter dem Winkel a ausgehenden Strahlung anwendet. Die 


Strahidichten, denen in der Emissionsebene bzw. senkrecht dazu sc hwingende 
elektrische Feldstarken zugeordnet sind, verden bestimmt durch Aril—R 
bzw ] ] l R 

Hierin ist 7,7 die Strahldichte einer geradlinig polarisierten Komponente 
der schwarzen Strahlung von det Temperatur 7 und RR, bedeuten die 
Reflexionsgrade der Metalloberflache fiir polarisiertes Licht der betrach- 
teten Art. Die zusammengesetzte Strahlung hat in den beiden Schwin- 
gungsrichtungen des elektrischen Vektors die Strahldichten what R 

AR bzw. 7,7(1 R AR.. 2h ist die Strahldichte der auftreffen- 
den unpolarisierten Strahlung. Wenn die zusammengesetzte Strahlung 


unpolarisiert ist, was durch ein in den Strahlengang gestelltes Polarisations- 
hiter erkannt werden kann, gilt 


R AR Tat l ' Ry - AR. oder 


Da nach den Fresnelschen Formeln stets FR -R. ist, folet A At: 
Damit wird die Strahldichte jeder geradlinig polarisierten Komponente 


der zusammengesetzten Strehlung gleich Jit, also gleich der des schwarzen 
Korpers von der gesuchten Temperatur T. 


Eine Anordnung zur Ermittlung der wahren Temperatur gliihende: 
Metalle nach diesem Prinzip ist in Abb. 2 wiedergegeben. Es handelt sich 
speziell um die lemperaturermittlung an einem Wolframband. Lampe A 
ist eine Bandlampe mit einem 2 mm breiten. horizontal] ausgelegten Wolfram- 


band, dessen wahre l'emperatur an einer definierten Stelle in det Bandmitte 


Bandiampe A 


Polarisationsfilter Optisches Pyrometer 
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gemessen werden soll. Die unpolarisierte Strahlung, die an dem Band 
reflektiert wird, entstammt einer zweiten Bandlampe B mit vertikal ausge- 
richtetem Band, aus dem nur die senkrecht austretende, also unpolarisierte 
Strahlung fiir die Beobachtungen ausgenutzt wird. Das Band der Lampe B 
wird auf die Beobachtungsstelle der Lampe A abgebildet. In der Reflexions- 
richtung befindet sich ein optisches Pyrometer, mit dem die Beobac htungs- 
stelle anvisiert wird. Im Strahlengang vor dem Pyrometer ist eine Polarisa- 
tionsfolie angeordnet. Die Ausstrahlung der Lampe B muB nun so geregelt 
werden, daB sich bei einer Drehung der Polarisationsfolie die pyrometrische 
Einstellung nicht Andert. Ist dieser Zustand erreicht, dann liefert die 
pyrometrische Abgleichung nach Fortnahme des Filters und unter Beriick- 
sichtigung der Lichtschwachung durch die Glasmedien zwischen leuch- 
tendem Band und Pyrometer direkt die wahre Temperatur des Bandes. 
Jedoch ist jetzt noch eine Einschrankung zu machen. Da namlich Lampe 
A auch zur Lampe B polarisiertes Licht sendet, das, dort reflektiert, wieder 
nach A gelangt, ist die Voraussetzung verletzt, daB nur unpolarisierte 
Strahlung auf A trifft. Daher liefert das Verfahren einen Temperaturwert, 
der von der wahren Bandtemperatur um einen geringen Betrag abweicht. 
Der Unterschied kann jedoch in der gleichen Anordnung bestimmt odet 
so klein gehalten werden, daB er vernachlassigbar ist. Natiirlich entfallen 
alle Korrektionen, wenn Lampe B durch einen schwarzen Korper ersetzt 
wird, 

AuBer den hier besprochenen Verfahren, die sich auf allgemein giiltige 
thermodynamische Naturgesetze stiitzen, sind andere Methoden entwickelt 
worden, denen dieses Fundament fehlt. Sie verfolgen das Ziel, die 
sogenannte Verteilungstemperatur zu messen, die in vielen Fallen der 
wahren Temperatur nahe liegt. Hierauf soll jedoch nicht eingegangen 
werden. 


Literatur 


' Procés-Verbaux des Séances du Comité International des Poids et Mesures, (2) 21 (1948). S. T30 

* H. Moser und Mitarbeiter. Wiss. Abhandl physik.-tech. Bundesanstalt, 12, 22 (1960 

>W. G. Fastie. Jj Opt. Sou im., 41, 872 (1951 

‘C. P. Tingwaldt Optik, 9, 323 (1952 

C. P. Tingwaldt. 2. Metallk., 51, 116 (1960 


‘ 
. 
177 


np : 
. 
- 
: 
: 
i 


DESIGN AND USE OF ANEROID BOMB 
CALORIMETERS 


A. R. MEETHAM 
National Physical Laboratory, Teddington, Middlesex, U.K. 


(1) The object of a bomb calorimeter is to absorb the heat released from 
an accurately measured amount of chemical reaction and convert it into a 
temperature rise which can be measured with corresponding accuracy. 
Questions associated with the chemical reaction are often difficult, but will 
not be discussed here. This paper is concerned with the purely physical 
questions associated with the temperature rise. It is also concerned, in 
part, with the physical problem of producing a comparable temperature 
rise by introducing accurately measured Joule heat within the calorimeter. 
This procedure is necessary when the calorimeter is used for evaluating a 
thermochemical standard material, such as benzoic acid, with the intention 
of using it to measure the equivalents of other bomb calorimeters in which 
heat will be generated by combustion only. 

Reasons will be put forward for believing that aneroid bomb calorimeters 
are capable of higher accuracy than conventional calorimeters in which the 
heat is absorbed in well stirred water. It will be contended that aneroid 
calorimeters can be designed which are simpler, and quicker in use, than 
stirred-water calorimeters. 

2) Apart from chemical considerations, the first requirement of a calori- 
meter is that its equivalent should be repeatable every time it is assembled, 
except for small variations in mass of substance, platinum, fuse and auxiliary 
material for which corrections can be made. The presence in the conven- 
tional calorimeter of water, whose heat of evaporation is very high, means 
that great care must be taken in design and assembly to minimize the 
evaporation and condensation of water, and to reproduce in every experi- 
ment any movements of water which are unavoidable. 

3) The rate of transfer of heat Q between the calorimeter and its sur- 
roundings, during the period of the experiment, must obey an unchanging 
law such as 0 = k(T — T) where T is the temperature of the thermometer 
in the calorimeter, and k and 7, remain constant throughout the experi- 
ment. Corrections can be applied, for example, if 7 in the equation differs 
for part of the time from the temperature of the thermometer; but errors 
are unavoidable if k and 7, do not remain constant. 

It is clearly an advantage if k is small, and this is best achieved by evacuat- 
ing the space between the calorimeter and its outer jacket, and by lengthen- 
ing the electrical leads which cross this space. Vacuum spaces are not 
usually possible round stirred-water calorimeters. 

As to the problem of keeping & constant, investigations by White! and 
others have shown that & is affected mainly by water vapour movement 
and by convection of air in the space surrounding the calorimeter. The 
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width of this space must be limited to | cm if it is not evacuated, and convec- 
tion is still not fully eliminated, with the consequence that the temperature 
of the calorimeter must be kept within | to 1-5°C of its outer jacket. Con- 
the air turns out to be the factor which restricts the permissible 
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DESIGN AND USE OF ANEROID BOMB CALORIMETERS 
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Figure 1. Aneroid bomb calorimeter 


hat the silver bomb produced results at least twice as quickly as a conven- 
tional stirred-water calorimeter. For routine determinations of the heats 
ol formation of organic compounds, the silver bomb should again save time. 
For determinations of less than 0-1 per cent accuracy, the saving of time may 
be less noticeable, because about 30 min is needed for pumping the vacuum 
space and 30 min for filling with oxygen. 

Ihe chemical reactions associated with the combustion of sulphur com- 
pounds and other materials require a bomb to be rotated and turned over. 
he necessary mechanical power can, without too much difficulty, be trans- 
mitted into the vacuum space of an aneroid bomb calorimeter, or it can be 
generated there. Since the vacuum space can be quite large, the mechanical 
problems should indeed be easier in the vacuum round an aneroid bomb 
than in the water round a steel bomb. 

Because of the difficulty of making stirred-water calorimeters of low heat 
capacity, it is possible that there may be special uses for small silver bomb 
calorimeters such as the one described. On the other hand there is no 
reason, except the cost of the silver, to prevent the construction of much 
larger silver bombs. 

7) The heat of combustion of benzoic acid under standard bomb con- 
ditions has just been estimated by the N.P.L. silver ancroid bomb calori- 
meter to be 26431-7 J/g, with a standard error of 2-2 J/g. This may be 
compared with the cleven most recently published estimates of the same 
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constant®, whose weighted mean value is 264 35-5 J /@ with a standard error 
of 1-0 


The work described above has been carried out as part of the research programme of 
the Nation Physical Laboratory, and th paper is published by permission of the 
Director of the Laboratory. I would like to thank Miss 7. A. Nicholls who was 


responsible for the experimenta cork 
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KALORIMETRISCHE VERFAHREN BEI 
HOHEREN TEMPERATUREN 


Franz Epspernarp 


Physikalisch-Chemisches Institut der Universitat, Miinchen, Deutschland 


Bei kalorimetrischen Bestimmungen von Bildungswarmen, Warmein- 
halten und Umwandlungswarmen werden in der Regel diejenigen Verfahren 


bevorzugt, die eine Messung dieser Gréssen bei Zimmertemperatur 


gestatten, weil diese Methoden sehr genaue Ergebnisse liefern und mit 


einem geringeren apparativen Aufwand auskommen. In manchen Fallen 
lassen sich diese bekannten und bewdhrten Verfahren'~* aber nicht in 
befriedigender Weise oder tiberhaupt nicht anwenden, so daB kalori- 
metrische Methoden bei héheren Temperaturen notwendig werden’. 

Bildungswarmen werden in der Regel nicht durch direkte Synthese, 
sondern indirekt aus Verbrennungs- und Lésungswarmen bestimmt. Dabei 
kann der Fall auftreten, daB die Bildungswarme als sehr kleine Differenz 
grosser Zahlen und daher auch bei groBer Prazision der Messungen nut 
sehr ungenau bestimmt wird. Trotz der etwas geringeren Genauigkeit 
der Hochtemperaturkalorimeter (H.T.K.) kann dann ein anderer 
Reaktionsweg oder die direkte Synthese bei héheren Temperaturen zu 
besseren Ergebnissen fiihren. Insbesondere bei intermetallischen Verbin- 
dungen lassen sich vielfach bei Zimmertemperaturen keine brauchbaren 
Reaktionen auffinden, so daB systematische Untersuchungen nur durch 
Lésungskalorimetrie in fliissigen Metallen ausgefiihrt werden k6énnen. 
Manche Reaktionen, wie etwa die Mischung fliissiger Metalle, lassen sich 
iiberhaupt nur bei héheren Temperaturen verfolgen. Das gilt auch fir 
den Ubergang von durch Abschrecken erhaltenen Nichtgleichgewichten 
in thermodynamisches Gleichgewicht, wobei nicht nur die Warmeténung, 
sondern auch die Kinetik von Interesse ist. Warmeinhalte, spezifische 
Warmen und Umwandlungswarmen kénnen nach dem Mischungsverfahren 
(drop method) oder mit Oecelsens Abkihlungskalorimeter prinzipiell nur 
dann ecinwandfrei gemessen werden, wenn die Umwandlungen bei der 
Abkiihlung quantitativ ablaufen und die Probe sich nach vollstandiger 
Abkiihlung im thermodynamischen Gleichgewicht befindet. Wenn diese 
Bedingung nicht erfiillt ist, miissen die genannten GréBen direkt bei héheren 
Temperaturen bestimmt werden. Direkte Messungen der wahren spezi- 
fischen Warme bei héheren Temperaturen sind auch dann angebracht, 
wenn diese GréBe sich aus Messungen des Warmeinhaltes als Differential- 
quotient nicht mit ausreichender Genauigkcit ableiten 1aBt. 

Mit diesen Beispielen ist der heutige Anwendungsbercich!: §. % der 
H.T.K. etwa umrissen. Die Technik der Kalorimetrie bei héheren Tempera- 
turen bietet aber im Vergleich zu den bei Zimmertemperatur bekannten 
und iiblichen Verfahren einige zusdtzliche experimentelle Schwierigkeiten, 
die im folgenden kurz behandelt werden sollen. Ausserdem werden fiir 
alle Anwendungsbereiche die wichtigsten technischen Merkmale bewahrter 
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Konstruktionen angegeben: eine ausfiihrliche Darstellung aller bekannten 
Apparaturen soll an anderer Stelle erscheinen®. Wegen der einfacheren, 
aber zumeist auch weniger genauen Verfahren der Differentiellen 
Thermoanalyse (D.T.A.) sei auf cine Monographie von Smothers und 
Chiang? (mit 1546 Literaturzitaten bis 1957) verwiesen. 


1. ALLGEMEINER TEIL 
1.1. Die Kalorimetergleichung 
In allgemeinen ist ein Kalorimeter ein zur Aufnahme eines Reaktions- 
gefasses bestimmter Hohlkérper, dessen Temperatur 7, entsprechend 
genau bestimmt werden kann. Im Kalorimeter kann elektrisch oder 


chemisch eine zeitlich variable oder konstante Warmeleistung L(z) (in W 
entwickelt werden. Der Wasserwert (energy equivalent) ist eine tempera- 
turabhangige Konstante W(7T), welche diejenige Warmemenge (]/°C 
bezeichnet, die notwendig ist, um bei adiabatischer Arbeitsweise, also ohne 


Warmeaustausch mit der Umgebung, die lemperatur 7; des Kalorimeters 
um zu erhéhen. Das Kalorimeter ist von einem lhermostaten det 
konstant (oder nach einem bestimmten Programm variabel geregelten 
lemperatur 7; umgeben. Eine weitere temperaturabhangige Apparate- 
konstante A{ 7) bezeichnet den sekundlichen Warmeaustausch des Kalori- 
meters mit dem Thermostaten (W/°C) bei einer lemperaturdifferenz von 


T Die in der Zeit dz dem Kalorimeter zugefiihrte Warme- 
menge L{z\)dz wird dann gemiass der Kalorimetergleichung erster Naherung 
Liz)dz W(T)dTy, + A(T)(T, Ti)dz 


in zwei Anteile aufgespalten, namlich in eine Erwarmung des Kalorimeters 
um d7, und einen Warmeaustausch mit dem Thermostaten. 

Reaktionswarmen im Kalorimeter werden also aus dem beobachteten 
Verlauf von Ty und 7;, sowie den gesondert bestimmten Apparatekon- 
stanten W und K als Integral iiber die nach Gl. (1) berechnete Leistung 
bestimmt. 

Der haufigste Fall ist durch einen isothermen Thermostaten mit 7; 
konst gegeben. Befindet sich dabei das Kalorimeter zur Zeit ; 0 auf 
einer von 7; verschiedenen Anfangstemperatur 7° und findet gemass 
L = 0 keine Warmeentwicklung statt, so folgt mit 


W(T)dT, —~K(T)( Ty Ti )dz 2 


eine Temperaturanderung des Kalorimeters durch Warmeaustausch mit 
der Umgebung. Fiir die zeitliche Anderung von 7, folgt dann mit 


+ (T exp Aziw 3 
ein exponentieller Ausgleich der Temperaturen, dessen zeitlicher Verlauf 
durch die Zeitkonstante kk WK gegeben ist. Bei Zimmertemperatur 


ist bei nicht zu kleinem Wasserwert W und. in der Regel, kleinem K die 
Zeitkonstante 2, sehr gross, so dass die Reihenentwi klung von Gl. (3 
mit dem linearen Glied abgebrochen werden kann. Wir erhalten dann 


+ (7 AzW 7 4 
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<p sek Aquidistante Ablesungen ausgefiihrt, so wird 


Werden alle Z 
” y(n 0,1,2,3..) und wir erhalten aus Gl. (4) 


nm. 


~?P 


it T (Kp T° —(T° — J) nk (5) 


Die konventionelle thermochemische Abkiihlungskonstante, ergibt sich 
also durch Einbeziehung der Dauer Zp einer Ableseperiode in die 


Zeitkonstante gemass 
KS 


k AP Ak (6 


Die Temperaturanderung AT, in einer Ableseperiode wird als Gang 
bezeichnet. Bei der tiblichen Auswertung wird allerdings die Anfangs- 
temperatur 7° nicht ganz konsequent durch die mittlere Temperatur in 
Vor- oder Nachperiode Ty oder 7, ersetzt, und anstelle der Thermostaten- 
temperatur 7; eine rechnerische Konvergenztemperatur 7, eingefiihrt, in 
der auch der Einfluss von sekundaren Effekten (z.B. Riihr- oder Verdamp- 
fungswarmen) enthalten ist. Wir erhalten dann fiir die Gange in Vor- 


und Nachperiode 


Gy er To) und Gy er Te) (7) 


Bei héheren Temperaturen nimmt nun A(T) schnell zu; als grobe 
Faustregel lasst sich eine Verdopplung fiir je 200°C annehmen. Die 
Forderung definierter Temperaturverteilung fiihrt ausserdem zu kleinen 
Abmessungen und, in Verbindung mit den an sich schon geringen Warme- 
inhalten metallischer Kalorimeter, zu kleinen Wasserwerten W(T7). Die 
Zeitkonstante Z, wird also wesentlich kleiner, so dass die lineare Naherung 
Gl. (4) nicht mehr erlaubt ist. Wir erhalten dann aus Gl. (3) 


In (Ty — Tt In (7° — 7) — nk (8) 


Bei logarithmischer Darstellung resultiert daher ein linearer Verlauf, 
dessen Achsenabschnitt fiir n = 0 durch In (7° — 7) und dessen Neigung 
durch k gegeben ist. Im Gegensatz zu Gl. (7) ist der logarithmische Gang 
also nicht mehr durch 7°, sondern lediglich durch k bedingt. 


1.2. Bestimmung der Konstanten é, A, und W 
1.21. Bestimmung von k 


Bei grossen Zeitkonstanten ldsst sich k nach Gl. (7) aus dem Gang in 
der Vor- oder Nachperiode bestimmen. Da aber die rechnerische Konver- 
genztemperatur 7, nicht bekannt ist, wird sie eliminiert, so dass wir 


k Gy Gy ie (9 


erhalten. Fir sehr genaue Messungen empfiehlt sich die einfache Berech- 
nung von Gy und G, durch lineare Ausgleichsrechnung Aquidistanter 
Werte. 

Bei héheren Temperaturen und kleineren Zeitkonstanten muss dagegen 
die exponentielle Kriimmung nach Gl. (3) und (8) beriicksichtigt werden. 
T, lasst sich dann aber nicht mehr in einfacher Weise eliminieren. Es ist 
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aber ohnehin erforderlich. die Messung erst einzuleiten, wenn sich nach 
Einbau einer Probe im Kalorimeter wieder ein thermisches Gleichgewicht 
eingestellt hat. Bei den in Frage kommenden kleineren Zeitkonstanten 
befindet sich dass Kalorimeter dann aber auch im Gleichgewicht mit dem 
Thermostaten, so dass 7; sich aus dem Mittelwert einer Anzahl von 
Ablesungen in det Vorperiode ergibt und in Gl. (8 eingesetzt werden 
kann; & folgt dann aus dem logarithmischen Gang nach Gl. (8). 

Bei kleinen Zeitkonstanten ist die Genauigkeit von k vor allem durch 
die Schwankungen des Nullpunktes 7; begrenzt, woraus sich sofort die 
Notwendigkeit einer sehr konstanten Regelung von 7; ergibt. Dabei 
entsteht aber noch eine weitere fiir H.T.K. kennzeichnende S hwierigkeit. 
Wegen der zumeist kleinen Abmessungen des Kalorimeters ist. der 
Wasserwert W, des Reaktionsraumes nicht mehr klein im Vergleich mit 
WT), so dass die zweite Zeitkonstante W, /Ay beriicksichtigt werden muss 
und die Gleichung erster Naherung (1) das zeitliche Verhalten nicht mehr 
hinreichend genau beschreibt. In der Nac hperiode macht dieser Umstand 
sich durch anfangliche Abweichungen vom logarithmischen Verlauf nach 
Gl. (8) bemerkbar, so dass k erst aus spateren, und damit auch kleineren 
und stirker durch die Nullpunktsschwankungen beeintrachtigten Able- 
sungen der Temperaturdifferenz (7, T,) bestimmt werden muss. 


1.22. Bestimmung von kh 


Die Konstante A wird nach dem Verfahren der Gleichgewichtsleistung 
bestimmt®, Dazu wird das Kalorimetet bei konstantem 7, auf eine 
bestimmte hédhere Temperatur 7, aufgeheizt. und eine Leistung L mit 
nur noch moglichst geringen Anderungen von 1, elektrisch erzeugt. Nach 
Einstellung des thermischen Gleichgewichts wird 7, als Mittelwert einiger 
aquidistanter Ablesungen bestimmt. Da im Gleic hgewicht d7, QO, folgt 
aus Gl. (1 


A 


10 


ZweckmAassigerweise wird diese Bestimmung bei verschiedenen Werten 
von 7, und L ausgefiihrt und A(T) durch lineare Ausgle ichsrechnung 
ermittelt. In dieser Weise lAsst sich gegebenenfalls auch feststellen. bis zu 
welchen maximalen Werten von (7 k T,) die Temperaturabhangigkeit 
von A( 7) noch vernachlassigt werden kann‘. 


Bei bekanntem & und W lAsst sich zur Kontrolle K auch gemass Gl. (6 
berechnen. 


1.23. 


Wenn A und & nach den vorstehenden Methoden bestimmt 
lasst sich W(T) nach Gl. (6) zu ] K2 


Bestimmung von W(T 


wurden, 
k berechnen. Im allg- 
emeinen muss W(7) aber wesentlich genauer bestimmt werden, als es nach 
dieser Formel méglich ist. Bei adiabatischen Kalorimetern ergibt sich 
definitionsgemass als Verhaltnis der auf elektrischem Wege zuge 
fuhrten und genau gemessenen Warmemenge und der adiabatisch 
bestimmten Temperaturerhéhung 7, Ty. Vielfach besteht aber nicht 
die Moglichkeit einer hinreichend genauen adiabatischen Regelung. In 
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diesem Fall muss die mit dem Thermostaten der konstanten Temperatur 
T; ausgetauschte Warmemenge Q, beriicksichtigt werden. Diese ergibt 
sich aus den V Ablesungen in der Hauptperiode durch Integration des 
Warmeaustauschgliedes der Gl. (1) — T;)dz nach der Trapezregel 
zwischen der letzten Ablesung T, der Vorperiode iiber die V Ablesungen 
Ty der Hauptperiode bis zur ersten Ablesung der Nachperiode Ty zu 


Qa = [(Ta/2 + + Te/2) — (N+ 1)T%] Zp (11) 


In der Regel wird aber nicht K nach Abschnitt 1.22, sondern k = A plW 
aus den Gangen nach Abschnitt 1.22 bestimmt. Durch Division von 
Gl. (12) mit W(T) fahren wir statt KZ) die Konstante k ein, was eine 
Umrechnung von Q, auf eine Korrektur der Temperaturanderung AT 
bedeutet. So erhalten wir 


Q,|/W = AT = K(T,/2 + + Te/2 —(N+1)TJ (12) 


Ausserdem muss 7; durch die rechnerische Konvergenztemperatur To 
ersetzt, und diese nach Gl. (7) eliminiert werden. Mit 


kT Gy + kTy Gn +kTy (7a) 


erhalten wir dann aus Gl. (12) die beiden Formen der Regnault-Pfaundler- 
Korrektur 


AT =k[Ta/2 + 27, + Te/2 — (N + 1) Ty] — (NV + 1)Gy 


K(T4/2 + + Te/2 — (N+ 1)Ta] —(N+1)Gq (13) 


Der zweite Ausdruck bietet den Vorteil, dass k mit einer kleineren Zahl 
multipliziert wird. Es empfiehlt sich aber, die Berechnung ausserdem 
nach der ersten Form auszufiihren, was bei einer geringen Vermehrung 
des Rechenaufwandes eine Kontrolle der Rechnung erlaubt. 

Bei héheren Temperaturen wird bei hinreichend kleinen Zeitkonstanten 
7; in der Regel aus dem Mittelwert der konstanten Ablesungen in der 
Vorperiode bestimmt. Man kann nun wahlweise nach Abschnitt 1.21 die 
Konstante k aus dem logarithmischen Gang nk in der Nachperiode nach 
Gl. (8) ableiten und aus Gl. (12) die Korrektur der Temperaturerhéhung 
berechnen, oder A nach Abschnitt 1.22 bestimmen und dann nach Gl. (11) 
direkt die ausgetauschte Warmemenge Q, ableiten und als Korrektur an 
der gemessenen Warmeténung anbringen. 

Macht sich in der Nachperiode die zweite Zeitkonstante des Reaktions- 
gefasses W,/Ay derart bemerkbar, dass der lineare Verlauf nach 
Gl. (8) sich nicht einstellt, so empfiehlt sich eine andere Auswertung. 
Dazu wird die Temperatur des Kalorimeters Ty in Aquidistanten Ablesungen 
bis zur Einstellung des thermischen Gleichgewichts verfolgt und die 
Reaktionswarme ausschliesslich nach Gl. (11) als mit dem Thermostaten 
ausgetauschte Warmemenge Q, bestimmt, wozu natiirlich eine vorherige 
Messung von A nach Abschnitt 1.22 erforderlich ist. Dieses Verfahren 
ist vor allem bei kleinen Zeitkonstanten praktikabel, weil die Messgenauig- 
keit durch die Schwankungen des Nullpunktes beeintrachtigt wird, und 
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daher die Streuungen umso kleiner werden, je schneller der Versuch ablauft. 
In dieser Weise lassen sich natiirlich nur Warmeténungen, aber keine 
Wasserwerte bestimmen. Der Wasserwert kann aber mit Vorteil als 
kleine Korrektur verwendet werden, wenn sich das Kalorimeter nut 
langsam mit dem Thermostaten ins Gleichgewicht setzt. Es geniiet dann. 
das Produkt dieser kleinen Temperaturdifferenz mit dem Wasserwert als 


Korrektur an Q, anzubringen, wozu auch cin ndherungsweise gemiss 


A k abgeleiteter Wasserwert ausreicht. 

Normalerweisc wird aber die nach Gl. (12) oder (13) bestimmte 
Korrektur A7 an der Differenz der ersten und letzten Ablesung T. ce 
ingebracht dass sich nach Division der elektrisch gemessenen und dem 


Kalorimeter zugefihrten Warmemenge mit der korrigierten emperatur- 
eT! » der Wasserwert ergibt 


Eber erhalten wir die unbekannten Reaktionswirmen durch Multi- 
Katior des zuvor bestummten Wasserwert mit der korrigierten 
lemperatur crung Bei kleinen Kalorimetert wi sic viellach bei 
ere ‘ ture ct erce ti der erhebliche 
I m K et ‘ Probe a 
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kung t Proben anderen Warmeinhaltes cine neve Bestimmung von H 
i¢ 


1.3. Die prinzipiellen Méglichkeiten kalorimetrischer Verfahren 
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der Erwarmung des Kalorimeters und des Warmeaustausches mit dem 
Thermostaten zerlegt wird, und der zweite Anteil auf Kosten des ersten 
bei héheren Temperaturen schnell zunimmt. Es liegt daher ndher, den 
grosseren Anteil des Warmeaustausches nicht durch adiabatisches Arbeiten 
zu unterdriicken, sondern zur eigentlichen Messgrésse zu machen und 
isotherm mit Warmestrémungskalorimetern zu arbeiten. Dabei lAsst sich 
A durch direkte elektrische Eichung nach 1.22 bestimmen, so dass die dann 
ungenauere Ableitung von & nach 1.21 entfallt. Wir haben ausserdem 
mit der Méglichkeit zeitlicher Anderungen von K gerechnet und dahet 
ein automatisches Kompensationsverfahren entwickelt. Bei dieser Methode 
wird bei konstanter Leistung L mit einem Temperaturregler cine konstante 
Temperaturdifferenz 7, 7, bei konstantem 7, eingestellt, so dass 
Reaktionswarmen als Differenzen der summierten Ejinschaltzeiten det 
Leistung L bestimmt werden kénnen. Dieses Verfahren Asst sich mit 
Genauigkeiten von | Prozent bis augenblicklich 1000°C anwenden und 
diirfte auch bei wesentlich héheren Ilemperaturen ebenso brauchbar sein, 
weil es keine temperaturabhangigen Voraussetzungen enthalt. Isotherme 
Verfahren bicten den weiteren Vorteil, dass die lemperaturabhangigkeit 
von A( 7) ausgeschaltet wird. 

Wir wollen aber zundchst cinmal dic prinzipiellen Mdglichkeiten 
kalorimetrischer Verfahren betrachten. Die historisch bedingte Benen- 
nung, wie etwa Eiskalorimeter oder Verbrennungskalorimeter. bezicht 
sich nur auf cinzelne und nicht vergleichbare Merkmale und Jdsst dahet 
die Wirkungsweise des kalorimetrischen Verfahrens nut ungeniigend 
erkennen. Es ist besser, von der Kalorimeterglei hung (1) auszugehen, 
in die neben den Konstanten W und A und der Versuchsdauer > die 
Variablen L, Ty und eingehen. Die verschiedenen Moelichkeiten 
emer kalorimetrischen Messung ergeben sich dann aus der Auswahl des 
Mess- und Regelprogramms dieser Variablen. 

Gleichung (1) zeigt nun die erwahnte Aufspaltung der Warmemenge 
Ldz in die Erwarmung des Kalorimeters Wd7 , und den Warmeaustausch 
A(T, I,yjdz. Daraus folgt sofort die Méglichkeit, entweder den ersten 


Ante’! durch isothermes Arbeiten wegen d7, 0, oder den zweiten 
Anteil durch adiabatisches Regeln von 7, gemiss 7, 7, zu unterdriicken 
oder zu ciner kleinen Korrektur zu machen. Ausserdem kann di Leistung 
U0 gewahit werden, so dass nach Gl. (2) die lemperaturinderungen 
nur noch durch den Warmeaustausch bedingt sind. Bei einem isothermen 
Thermostaten fiihrt das zu dem durch Gl. (2)-(5) gegebenen lemperatur- 


ausgleich. Bei variablem 7, besteht ausserdem die Mdéclichkeit einer 
Warmezufuhr, die durch A(T, T,)dz gegeben ist. Auf diesem Prinzip 
beruhen die bekannten Abkihlungs- und Erwarmungsverfahren zur 
cstummung von wahren spezifischen Warmen und Umwandlungswarmen. 
kin ganz anderes Verfahren stellen dic | mwandlungskalorimeter dar, 
bei denen 7, 7; 7, (Umwandlungstemperatur). Wegen d7, 0 
und 7, qT; 0 ist sowohl die isotherme als auch die adiabatische 
Bedingung wenigstens naherungsweise erfullt. Die Leistung L ergibt sich 
dann aus der Umwandlungswirme und dem Umsatz. 

Im Folgenden sollen nun die prinzipiellen Méglichkeiten erértert werden, 
die sich ergeben, wenn bei konstantem oder nach einem vorgegebenen 
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der Kalorimetertemperatur 7, verschie- 


Verule eve einfach zu realisiecren 


Diese 


einfacher Weise mit Un indlungskalorimetern, insbesondere dem Ver- 


da fluneskalorimeter, realisieren, bei denen 7, T, der betref- 


{ ndlungstemperatur gewahlt wird. Rewe ing von f iber 


ce t Anwendungen aul organische und 
nlachere Apparatur® Die Leistu LL kann konstant 
bes Crasreakt nen ube Kata vsatoren hat sich h 


Cise austihren, dali 1 elektronisch konstant echalten wird und die 


lemperaturregelung mit cinem Modulationsregler erfolet. dessen Modula- 


vionsperiode in der (srobenordnung cu Cc! er Sekunden 
- 
t Lic cal ror Be machtul wird ais 


Wert etwa 20 zweckmal ind, um Streuungen auszuegleichen. 

1 die mit ciner Addition sstopuhi 

oder cine! ( ter integriert resamte Ejinsc] iltzeit der elektrischen 
He ng a clesc! Mier re triert, so daB der gesamte Warmeaustausch 
Z\ en K mete nd Lhermostat in det Beobacht iIngspe riode sich 
aus Le. ergibt. Reaktionswarmen folgen dann aus den Differ- 


enzen ce n der Vs rperiode als k nstant bestimn ten OU und den sich 


automat in der Hauptperiode anders einstellenden Einschaltezeiten 
gemals QO, Lik 0, wodurch kalorimetrische 


Ni ng sich in einfacher Weise auf Aquidistante Registrierung der summier- 
bi iltzeiten reduziert. Das Verfahren bietet den weiteren Vorzug. 
da durch entsprechende Wahl von L und ly T.) eine \npassung an 
die Grobe der Reaktionswirme mécelich ist und positive wie negative 
Reaktionswarmen in derselben Weise gemessen werden. Der Wasserwert 
tritt ebenfalls nur als Korrektur fiir Abweichungen von 7, konst. in 
Erscheinung. Genauigkeit und En pfindlichkeit sind durch die Unsicher- 
heit der Konstanz det lemperatur des Thermostaten gegeben. Das 
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nd die Ver cer erst Gruppe, bei denen 7, konstant ist. 
1.31. Werfahren mit honstanter Temberatur des Thern sien 
3 1.311. ebenfalls konstant 
13111. 7, T, rn in 
| em Casstror nd konstantem msatz als zweckmaABig 
Der W erwert WW by ht micht sonderlich genau bekannt zu 
‘ egen dT, 0 entweder tberhaupt nicht in die Rechnung 
RKorrektus ftritt. Die Leist Les t t na Gleichung (1 
ly keit dN d ind det Umw indlungs- 
rine. aie entsprechend genau estimmt werden miisser 
1.3112. T, A onstar lsothern Eine zweite Moglichkeit®. ** 
eT enn cine Cickt! lerzcudcte | d entsprechend iu gene ene 
K inte mit einem Temperaturregler so gesteuert 
7 wird, dab die Temperaturdifferenz 7, konstant wird. Das Ver- 
fahret t h mit einer Ge keit von etwa | Prozent kmaBiger- 
= 
; 
2 
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Verfahren dirfte vor allem fiir héhere Temperaturen von Bedeutung sein, 
bei denen die cinfachere Erwarmungsmethode wegen hoher A-Werte und 
schnellen lemperaturabfalls in der Na hperiode zu ungenau wird. 

Eine weitere, peziclle Méglichkeit®! ergibt sich bei der Bestimmung von 
Schmelzwarmen. wobei die Abkihlung det fliissigen Probe in einem Ofen 
konstanter lemperatur 7, bis zum Erstarrungspunkt verfolgt wird, so dass 


die Bedingung 7, ie konst sich aus det isothermen Umwandlung 
ergibt. Dic Umwandlungswarme folgt dann aus der zuvoy nach 1,22 
bestimmten Konstanten A, der gemessenen Temperaturdifferenz T Ti 
und der Dauer de Haltepunktes <n gemass A(T, Ti) Zn. 


1.312. Ty variabel 
We nn 


Leistung 1 nur fin cine bestimmte Dauer erzeugt wird, so resultiert cine 


in einem Erwarmungskalorimeter eine konstante variable 


durch die Zeitkonstanten des Kalorimeters gegebene zeitliche Anderung 
der Kalorimetert mperatur Aus dem beoba hteten Verlauf von 
laGt sich naherungsweise der ithiche Verlauf von rekonstruieren!®, 1. 
Die entwickelt Warmemenge wird nach Gleichung (1) in zwei Anteile 
zerlegt, namlich Erwarmung des Kalorimeters und Warmeaustausch mit 
dem Thermostaten. Mit hoheren lemperaturen und zunehmenden 
sowie bei lingerer Dauer det Warmeentwicklung nimmt der Beitrag des 
Warmeaustausches im Vergleich zum Anteil der Erwarmung schnell zu. 
so dab der zweite Anteil entsprechend genau bestimmt werden muB. Er 
kann durch adiabatisches Arbeiten unterdriickt und klein gehalten werden. 
Wenn der Anteil des Warmeaustausches aber iiberwiegt, kann es zwe kmas- 
siger sein, umeekehrt die Erwarmung des Kalorimeters zu unterdriicken 
und die unter 1.1 erwahnten Methoden mit d7 k 0 zu verwenden. 

Die \uswertung der Gleix hung (1) hat bei einem Erwarmungskalorimete: 
die Bestimmung det beiden Apparatekonstanten W und A zur Voraus- 
setzung. W wird in iiblicher Weise durch elektrische Eichung nach 1.23 
bestimmt. Neue Kalorimeter sollten grundsatzlich auf mogliche Abhan- 
gigkeit des Wasserwertes von Dauer und GréBe det Leistung 1 gepriift 
werden*, Diese Méglichkeit entfallt bei der gelegentlich angewandten 
Eichung durch Einwurf einer auf héhere Temperatur vorgeheizten Probe 
CThermophor). Letzteres Verfahren ist aber schon darum weniger zuver- 
lassig, weil der Warmeinhalt der Probe nicht mit derselben Genauigkeit 
bekannt ist wie der einer elektris h erzeugten Warmemenge und weil der 
Warmeverlust der Probe beim Einwurf in das Kalorimeter sich nur s« hwer 
iberpriifen Die elektrische Eichung verbiirgt cine weit héhere 
Zuverlassigkeit der Absolutwerte. 

Die Bestimmung von K oder k erfolgt nach Abschnitt 1.21 und 1.22. 

Wird der Wasserwert des Kalorimeters kleiner gehalten als der Probe. 
so lassen sich durch elektrische Bestimmungen des Wasserwertes des leeren 
und des mit der Probe beschic kten Kalorimeters die spezifischen Warmen 
der Probe bei verschiedenen Temperaturen unmittelbar bestimmen”™, 25, 
Dieses Verfahren wurde bisher als nur fiir Temperaturen bis etwa 300 C 
brauchbar angesehen, konnte aber neuerdings auch bis 1300°C angewendet 
werden?®, 


P.A.( 
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Verfahren mit variablem T, 


1.32. 


Bei diesem Verfahren wird die Temperatur des Thermostaten nach 


irgendeinem Programm geregelt, wofiir entweder gleichmaBige Erwarmung 
oder Abkiihlung oder adiabatische Steuerung in Frage kommt, bei der 
gemaB 7, I, der zeitliche Verlauf von 7; durch das Programm von 
I, oder umgekehrt gegeben ist. Wir erhalten in dieser Gruppe daher 
folgende Mdéglichkeiten. 


1.321. 7, T, (Adiabatisch 


Dies entspricht dem haufigen Fall einer adiabatischen Regelung, die sich 


mit heutigen Mitteln automatisch mit groBer Genauigkeit erreichen laBt. 
Nach Gleichung (1) wird dann der Anteil des Warmeaustausches zumindest 
sehr klein, so daB die Unsicherheit des A-Wertes keinen sonderlichen EinflluB 
ausiiben kann. Das adiabatische Prinzip muB aber trotzdem kritisch und 
mit Vorsicht angewandt werden: es ist umso unsicherer, an je weniger 
Stellen die Temperaturdifferenz 7,— 7; gemessen wird. Vor allem bei 
plotzlich einsetzenden Reaktionen und entsprechender Erwarmung des 
Kalorimeters ist es keineswegs selbstverstandlich, da®B der zeitliche Tem- 
peraturverlauf im Kalorimetermantel undim adiabatisch nachgesteuerten 
Thermostaten iiberall und regelmassig reproduzierbar wenigstens im Mittel 
der adiabatischen Bedingung geniigt. Es besteht dann die Méglichkeit, daB 
die Unsicherheit des A-Wertes zwar eliminiert, dafiir aber eine gréBere und 
zudem nicht nachpriifbare Unsicherheit des zweiten Faktors Ty qT, 
eingefihrt wird. Wesentlich giinstiger sind dagegen die Verhaltnisse bei 
stetigen Temperaturanderungen, wie sie bei der Bestimmung von spezifischen 
Warmen durch adiabatisches Aufheizen gegeben sind. Aber auch in diesem 
Fall sind eine Anzahl von Vorsichtsmassnahmen zu beachten. Die relativ 
sicherste Methode einer Nachpriifung besteht darin, die spezifischen Warmen 
bei verschiedenen Aufheizgeschwindigkeiten zu messen. Gleichung (1) zeigt 
namlich, dab bei Abweichungen von der adiabatischen Bedingung die 
Ergebnisse von der Versuchsdauer abhangen miissen. Es empfiehlt sich 
bei einer Kontrollmessung durch ein verschiebbares Thermoele- 


ausseracem, 
ment das Kalorimeter auf uniforms lemperaturverteilung hin zu priifen, 
besonders wenn es aus diinnen Blechen konstruiert wird, um einen méglichst 
kle inen, fur di Me sgenauigkeit an der Probe giinstigen Wasserwert des leeren 
Kalorimeters zu erzielen. Nach unseren Erfahrungen kénnen namlich bei 
unzweckmassiger Anordnung der elektrischen Heizwicklungen im Kalori- 
meter Ueberhitzungen begrenzter Teile auftreten, die Absolutfehler von 
einigen Prozent bei Re produzi rbarkeit der Messung von einigen Zehntel- 
prozent verursachen kénnen. Der EinfluB von Abweichungen vom 


laBt sich ibrigens weitgehend dadurch eliminieren, 


adiabatischen \ erhalten 
daB die Messungen mit leerem und vollem Kalorimetet mdéglichst mit 
derselben Aufheizgeschwindigkeit ausgefiihrt werden. was allerdings im 
Bereich von Phasenumwandlungen nicht immer erreichbar ist. 

Der EinfluB von Uberhitzung ist dagegen viel schwieriger zu beseitigen, 
weil er mit der GréBe der Leistung L zunimmt, und diese bei gleicher 
\ufheizgeschwindigkeit im vollen Kalorimeter wesentlich grOéBer sein 
mu. Es mu daher bei jedem Kalorimeter eine zweckmaBige Anordnung 
der Heizelemente gefunden (und kontrolliert) werden, die Uberhitzung 
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einzelner Stellen ausschlieBt, besonders bei kleinem Wasserwert des 
Kalorimeters. Neuerdings ist es gelungen, durch adiabatische Aufheizung 
Messungen bei Temperaturen bis 1600°C auszufiihren?’, 

Wird die Probe vom Kalorimeter aus beheizt, so bleibt ihre Temperatur 
hinter der seinigen zuriick, d.h. die spezifische Warme wird bei einer tieferen 
Temperatur bestimmt. Diese Verzégerung vermindert sich durch besseren 
Warmeausgleich bei héheren Temperaturen, so daB sich eine etwas schnellere 
Erwarmung der Probe als im Kalorimeter ergeben wird, was bei der 
Berechnung der spezifischen Warmen u.U. beriic ksichtigt werden muB. 
Zwar besteht ein Verfahren zur Berechnung der thermischen Verzégerung’’, 
es ist aber sicherer, die Temperatur sowohl im Kalorimeter wie in der 
Probe zu messen. 


1.322. Tx konst. Ty (Isotherm) 


Dieser Sonderfall tritt bei der Bestimmung von isothermen Umwandlungs- 
warmen auf. Es gibt hier mehrere experimentelle Mdéglichkeiten, je 
nachdem, ob die Umwandlung bei sich abkiithlendem oder bei aufgeheiztem 
Thermostat verfolgt wird. 


1.3221. Bestimmung der Umwandlungswarme aus der Dauer des Haltepunktes— 
Die Umwandlungswarme einfach proportional der Dauer des Halte- 
punktes zu setzen®*, kann offensichtlich nicht richtig sein, weil die 
Temperaturdifferenz T, 7; mehr oder weniger linear mit der Zeit 
variert. Eine korrekte Formel wurde aus Gl. (1 abgeleitet®®, Die 
Eichung erfolgt durch Vergleich mit bekannten Umwandlungswarmen. 
Dabei wird vorausgesetzt, daB A(T) bei Verwendung eines zweiten T iegels 
und meistens bei etwas andere Temperatur (!) denselben Wert wie bei 


der Eichung annehmen wird, was sicher eine grobe, nicht nachpriifbare 
Fehlerquelle darstellt. Zumindest miiBte A(T) bei verschiedenen Tempera- 
turen bestimmt werden. 


1.3222. Direkte elektrische Eichune—Bei reproduzierbarer Erwarmung des 
Thermostaten, beispielsweise durch konstante Regelung der Leistung eines 
Ofens**, ist am Haltepunkt das Integral iiber (7, Ti )dz F(0) ein MaB 
fiir die Umwandlungswarme, und On AF(0). Die Bestimmung von K 
kann dadurch umgangen* werden, daB bei einer zweiten Messung ein Teil 
der Schmelzwarme mit einer Eichheizung erzeugt und genau gemessen 


wird; da jetzt nur ein Teil der Schmelzwarme von aussen zugefiihrt werden 
mu, ist die zweite Flache F Q) kleiner, gemaB Qu — Qe AF(Q). 


Daraus folet 


Qu — QeF(0)/ [F(O) — F(Q)] 


1.323. variabel 


Eine wohl mehr qualitative Messung der spezifischen Warmen nach den 
Methoden der D.T.A. ist méglich, wenn bei gleichmaBiger Aufheizung 
des Ofens T, und 7; bestimmt werden. Eichung erfolgt durch Vergleich 
mit Proben genau bekannter (?) spezifischer Warme, wobei dieselben 
Einwande wie unter 1.3221  gelten**-36, Besser ware eine direkte 
Bestimmung von A nach Abschnitt 1.22. 
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1.4. Apparative Ausriistung 

Bei hohen Temperaturen miissen im wesentlichen dieselben Messungen 
ausgefiihrt werden wie bei Zimmertemperatur. So werden bei elektrischen 
Eichungen Strom, Spannung und Zeit bei Genauigkeiten bis 0,5 Prozent 
mit Zeigerinstrumenten der Giiteklasse 0-2, bei héheren Anspriichen an 
Genauigkeit mit Kompensationsapparaten gemessen; es gibt auch halbauto- 
matische Schaltungen** **. Die absolute Temperatur wird entweder mit 
Widerstandsthermometern oder mit Thermoelementen bestimmt. deren 
kalte Lotstellen fiir genaue Messungen in einem geriihrten Eisbad 
angebracht werden miissen®*, Fiir die Messung der Temperaturdifferenz 
Ty T, sind Differentialthermoelemente zweckmaBig. Die Messgenau- 
igkeit wird bei Widerstandsthermometern bei héheren Temperaturen 
wohl durch die Schwierigkeit eines hinreichend konstanten Wertes des 
Isolationswiderstandes, und bei Thermoelementen vor allem durch die 
parasitaren Thermokrafte begrenzt. Nach unserer Erfahrung fihren 
lemperaturschwankungen im Labor wahrend einer Messung zu merklich 
starker streuenden Messwerten. Zu beachten ist ausserdem. daB gemaB 
Gl. (1) in der Regel eine Messung nur det lemperaturdifferenz 7, Ti 
nicht ausreicht und die absolute Temperatur 7, oder 7; gleichfalls mit 
entsprechender Genauigkeit bekannt sein muB. Bei Reaktionswarmen 
sind geringe Abweichungen von der Temperaturskala in det Regel ohne 
Belang. in die spezifische Warme geht sie aber genauigkeitsbestimmend 
ein und muB daher im ganzen Temperaturbereich durch entsprechend 
prazise Eichung bestimmt werden. Mit gealterten Pt—Pt.Rh—Thermo- 
elementen ist eine Eichung mit Kompensationsapparaten bei genau 
bekannten Fixpunkten auf 0-1°C méglich, unedle Thermoelemente®* 
zeigen aber schon nach einmaliger Erhitzung auf 900 Aenderungen von 

sei komplizierten Apparaturen besteht die prinzipielle Schwierigkeit, 
daB neben He izspannungen der GréBenordnung 102 \ Dhermospannungen 
auf 10-* V genau gemessen werden miissen. Die demnach erforderlichen 
Isolationswiderstande kénnen aber schon ab ca. 600-700°C nicht mehr 
realisiert werden; Kriechstréme lassen sich durch Erdung von Kalorimetet 
und Thermostat sowie durch Abschirmung der Zuleitungen und Aufstellung 
der Kompensatoren auf geerdete Aluminiumbleche unterbinden®*: #. Ein 
neues Kalorimeter sollte dahingehend geprilt werden, daB Ein- oder 
Ausschalten irgend eines Kreises keine bleibende Aenderung oder gat 
standige Schwankungen der Anzeige eines Galvanometers hervorruft: 
kurze induktive Stésse sind dagegen zumeist harmlos. Widerstands- 
thermometer werden in Verbindung mit den bekannten Briicken- odet 
Kompensationsschaltungen verwendet, wobei die Anforderungen an die 
lemperaturkonstanz der Messbriicken gepriift werden miissen. ‘Thermo- 
krafte werden mit thermokraftarmen Kompensatoren nach Diesselhorst 
gemessen, konstante Temperaturen kénnen mit Stopselwiderstanden 
vorgegeben werden (einfache Kompensationsschaltung**). Gleichstrom- 
verstarker sind bequemer, in der Regel aber um eine GroBenordnung 
ungenauer als einfache Galvonometer mit entsprechendem Lichtweg. 
Bei Temperaturen bis vielleicht 500°C kénnen mehrere Kompensations- 
widerstande hintereinandergeschaltet werden, bei héheren muB abet jeder 
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Kompensationskreis getrennt aufgebaut werden, um eine gegenscitige 
Beeinflussung der Anzeige zu vermeiden”’, 

Als Ofen werden in der Regel die iiblichen mit einer Heizwicklung 
versehenen keramischen Rohre verwendet, fiir héhere Temperaturen sind 
aber auch Molybdanrohr-?* und sogar Tammann-Ofen brauchbar**, Als 
Werkstoffe kénnen Aluminium—Kupfer-Bronze oder zunderfreie Stahle 
verwendet werden, wobei sich aber oberhalb von 600°C immer ein 
Schutzgas empfiehlt. Bei Legierungen miissen Konzentrationen und 
Temperaturen gemieden werden, bei denen langsame Umwandlungen 
auftreten, insbesondere Ausscheidungsvorgange, weil sie zu mangelhaft 
reproduzierbaren Wasserwerten fiihren kénnen. Umwandlungen im 
Werkstoff des Kalorimeters beeintrachtigen natiirlich die Genauigkeit 
von Messungen der spezifischen Warme. 


1.5. Hochtemperaturthermostaten 


Die Erfahrung hat gezeigt, daB die Genauigkeit einer kalorimetrischen 


Messung bei hohen Temperaturen in erster Linie von der Giite det 
lemperaturregelung abhangt. Elektrisch eichbare H.T.K. wurden erst 
durch die Entwicklung von auf einigen tausendstel Grad konstanten Thermo- 
staten méglich. Konstanz der Temperatur laBt sich mit folgenden Mitteln 


erreichen. 


1.51. Aonstant geregelte Spannung 


Die einfachste Methode besteht in der Verwendung einer mit Thyratrons 


oder Magnetverstarkern genau geregelten Spannung, mit der Ofen oder 
Thermostat betrieben werden. Dabei ist aber zu bedenken, daB je nach 
Ofencharakteristik eine Spannungskonstanz von etwa 0-1 Prozent bei 
500°C eine Temperaturkonstanz von nur etwa 0-5°C einbringt. Eine 


Dampfung nach dem Tianschen Prinzip (unter 1.3) ist daher erforderlich. 


Genaue Programmregelungen lassen sich so nicht verwirklichen. 


1.52. 

Diese sind naturgemaB besonders zweckmaBig bei Verdampfungskalori- 
metern'*~*!_ Die Temperatur kann zusatzlich tiber den Druck geregelt 
werden. Nachteilig ist der beschrankte Temperaturbereich: Programm- 


Sredepunktthermostaten 


regelungen iiber groBe Temperaturintervallie sind ausgeschlossen. 


Schachtelthermostaten nach Tian 


1.53. 


Wenn  periodische Temperaturschwankungen mit einer Austausch- 
konstante A auf einen gut temperaturleitenden Kérper des Wasserwertes W 
iibergehen, werden sie im Verhaltnis W/A gedampft. Durch Ineinander- 
schachteln von drei Ausgleichskérpern*"': 4? konnten so die ausseren period- 


ischen Schwankungen von etwa | Prozent auf einige tausendstel reduziert 
werden. Derselbe Effekt wird iibrigens benutzt, wenn die Temperatur 
des Kalorimeters mit einem Differentialthermoelement nicht gegen den 


[hermostaten, sondern gegen einen Ausgleichskérper gemessen wird. 
Solche Anordnungen sind eigentlich keine Differentialkalorimeter, sondern 


Tian-Thermostaten. 
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Nachteilig sind die recht groBen Abmessungen solcher Thermostaten und 
ihre sehr trage Einstellung nach St6rungen des thermischen Gleichgewichts, 
etwa nach Einbau einer Probe in das Kalorimeter. Zudem kénnen sie 
natiirlich nicht die manchmal recht erhebliche Warmeabgabe des Kalori- 
meters an den Thermostaten ausregeln, so daB die Temperaturkonstanz 
nur vor der Messung gegeben ist und wahrend deren Dauer Verschiebungen 
um eimige hundertstel Grad mdéglich Programmregelungen sind 
ebenfalls ausgeschlossen. Ausserdem ist die Dampfung umgekehrt propor- 
tional zu A, das sich aber erfahrungsgemaAB bei einer lemperaturerhéhung 
um 200 etwa verdoppelt, so daB die Dampfung eines dreiteiligen 
hermostaten in diesem Intervall um den Faktor 8 vermindert werden 
wiirde; dieser Verschlechterung kann allerdings durch den Einbau von 
Strahlungsblechen (convection shield) begegnet werden. Svstematische 

ingen vom Sollwert, die bei Fallbiigelregler durchaus in det 

ng von C hegen, kénnen onatiirlich ebenfalls nicht 

ausgeregelt werden und fiihren daher zu systematischen Abweichungen des 
Thermostaten vom Sollwert. 


und hemeny 


ie die bekannten Fallbiigelregler. fiihren 
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1.55. Der Doppelthermostat 


Mit den unter 1.54 beschriebenen Reglern kann jeder beliebige elektrische 
Ofen mit ecinfachen Galvanometern (z.B. Typ RSG 8 von Ruhstrat, 
Géttingen) mit einem Lichtzeiger von nur 50 cm auf etwa 0-1°C konstant 
gehalten werden, so daB durch den Tianschen Effekt die Temperatur- 
schwankungen im Thermostatenblock nur noch etwa O-p1°C betragen. 
Fiir genaue Messungen muB aber die Temperatur noch um etwa cine 
weitere GréBenordnung konstant sein. Das wird durch eine zweite 
Feinregelung des Thermostaten erreicht?*, der auf eine um soviel héhere 
Temperatur eingestellt wird, daB seine Warmeabgabe an den Ofen um 
eine GréBenordnung hdher ist als der Maximalaustausch von Kalorimeter 
und Thermostat. In dieser Weise kann namlich auch die Riickwirkung des 
Kalorimeters auf den Thermostaten ausgeregelt werden, was nach allen 
anderen Verfahren nicht méglich ist. Ein weiterer Vorteil ist natiirlich 
dadurch gegeben, daB die Feinregelung innerhalb einer Umegebung ziemlich 
konstanter Temperatu 0,1°C) arbeitet und die Regelstrecke im Ver- 
gleich zum Ausseren Ofen eine wesentlich geringere Leistung LL und 
kleinere Zeitkonstante aufweist: auch die Totzeit diirfte etwas geringer 
sein. Das Verfahren des Doppelthermostaten wurde inzwischen auch fiir 
Messungen von spezifischen Warmen iibernommen**, Das axiale Tem- 
peraturgefalle scheint die Messgenauigkeit nicht so stark zu beeinflussen. 
wahrscheinlich weil der gréBte Anteil des WArmestromes radial abflieBt. 
Aus diesem Grunde empfichlit es sich auch™*, das ReaktionsgefaB auf einen 
Asbestring zu stellen, um einen im Vergleich zum Kalorimetermantel zu 
grossen und zudem schlecht reproduzierbaren Warmeaustausch mit dem 
Boden des Kalorimeters zu unterbinden. Trotzdem sollten in Boden und 
Deckel des Thermostaten Heizwicklungen angebracht werden. die vom 
Phermostaten-Regler tiber zusitzliche Kontakte geschaltet und so ein- 
gestellt werden, daB das axiale lemperaturgefalle nicht héher als 0-01°C 
ist, was am besten durch ein verschiebbares Thermoelement nai hgepriilt 
wird. Bei héherem Aufwand kénnten natiirlich auch die Zusatzheizungen 
liber besondere Regler auf konstante lemperatur von Boden und Deckel 
geregelt werden. Ob dieser héhere Aufwand zu einem entsprechenden 
Gewinn an MeSgenauigkeit fiihrt, wurde jedoch noch nicht untersucht, 


weil bereits cine ausreichende MeBgenauigkeit erzielt worden war’. 


1.56. 


Adiabatische Regelungen 


Die unter 1.54 und 1.55 zusammengefaBten Methoden sind nach eigenen 
Versuchen auch fiir adiabatische Reglungen bei Messungen von spezi- 
fischen Warmen gecignet. Dazu wird das Kalorimeter mit einer elek- 
tronisch konstant gehaltenen Leistung L aufgecheizt. die lemperatur- 
differenz Ty durch Einstellung cines Kompensationsapparates 
entsprechend der in Vorversuchen ermittelten adiabatischen Bedingung 
vorgegeben, und die Abweichungen von diesem Sollwert dem Modulations- 
regicr als Signal zueefiihrt. \usserdem wird die lemperaturdiffcrenz 
zwischen Thermostat und Ofen auf cinen zweiten Regler gegeben, der 
eine durch Vorversuche bestimmte giinstige lemperaturdifferenz cinstellt. 
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nenten und alle intermedidren Phasen sich schnell und vollstandig lésen, 
und die Bildungswarme wird als Differenz der Lésungswarmen der betref- 
fenden Phase und der unverbundenen Randkomponenten gefunden. 
Aluminiumlegierungen lassen sich bis herab zu etwa 300°C in Zink- oder 
Zink-Zinnmischungen lésen**-™, In dieser Weise kénnen noch sehr 
gcringe Bildungswirmen von ca. | kJ/g-At und ihre Aenderungen mit det 
Konzentration von cinigen 100 J/g-At in befriedigender Weise bestimmt 
werden. 

Von Interesse ist ein weiteres Verfahren der direkten Synthese durch 
adiabatisches Aufheizen der unverbundenen Randkomponenten bis zum 
volistandigen Ablauf der Reaktion, wobei sich die Bildungswarme als 
Differenz gegen die besonders bestimmten spezifischen Warmen ergibt. 
Diese Methode wurde mit ciner cinfachen Apparatur bei einer Genauigkeit 
von etwa 10 Prozent angewendet??: mit prazisen Apparaturen l4Bt sich 
die Messung wahrscheinlich auf eine Genauigkeit von | Prozent verbessern. 
Erfahrungen Messung von Reaktionswiarmen an anorganischen und 
organischen Substanzen bestehen bereits’: und tiber kalorimetrische 
Messungen der Verformungsenergie von Metallen, u.a. durch Lésungs- 
kalorimetrie in fliissigem Zinn, liegt cin zusammenfassender Bericht 


vor", 


2.2. Messungen von spezifischen Wiarmen und Umwandlun¢swir- 
men 
Bei Verfahren 
Kalorimeter zu gestalten. Bei Festkérpern mit geringem Dampfdruck 


diesen gibt es zwei verschiedenc Moécglichkeiten, das 


laBt sich namlich schon allein die Probe durch Anbringung einer Heiz- 
wendel und der notwendigen Thermoelemente zu einem Kalorimetet 
aushilden™, Vorteilhaft ist dabei der einfache Aufbau und der direkte 
Warmeiibergang von der Heizwendel auf die Probe. Von Nachteil ist 
dagegen die (u.U. aber nur geringe) Unsicherheit det spezifischen Warme 
der keramischen Teile und Drahte, die nicht durch einen Leerversuch 
bestimmt werden kann. In allen anderen Fallen arbeitet man mit einem 
besonderen Kalorimeter, das die Heizwicklungen und Thermoelemente 
enthalt und dessen Wasserwert W(7) durch eine MeBreihe mit dem 
leeren Kalorimeter genau bestimmt werden kann. Ein weiterer Vorteil 
besteht in der Mbdclichkeit, die Proben schnell wechseln zu kénnen. 
Nachteilig kann sich die thermische Verzégerung und mégliche Uber- 
hitzung des Kalorimeters bei hohen Leistungen auswirken. Differential- 
kalorimeter®® haben den zus&tzlichen Nachteil, daB die K(T)-Werte von 
der Beschaffenheit der Oberflache abhangen und ihr Unterschied nicht 
ohen weiteres bestimmt werden kann. Bei Relativmessungen wurde der 
Versuch gemacht”, diese Schwierigkeit durch bessere Warmeleitung 
unter Verwendung von Wasserstoff als Fiillgas zu umgehen. Bei Sub- 
stanzen schlechter Warme- und Temperaturleitfihigkeit konnen die therm- 
ischen Verzégerungen Schwierigkeiten bereiten. Durch Fillung solcher 
Substanzen in viele Bohrungen eines Aluminiumblocks liess sich jedoch bis 
900°C eine Genauigkeit von 0-1 Prozent erzielen?”; bemerkenswerterweise 
wird die Aufheizung 6fters unterbrochen, um aus dem Gang der Vorund 
Nachperiode die Abweichungen vom adiabatischen Verhalten zu ermitteln. 
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2.3. Spezielle Verfahren 


Es bleiben noch die Methoden zu erwahnen, bei denen bei intermetall- 
ischen Phasen durch Abschrecken von héheren Temperaturen ein metasta- 
biles Gleichgewicht eingefroren und anschlieBend durch kontinuierliches 
oder plétzliches Aufheizen auf eine bestimmte Temperatur nicht nur die 
Warmeténung, sondern auch die Kinetik des Uber ganges in das Gleich- 
gewicht verfolgt wird. Bei kontinuierlichem Aufheizen ergeben sich die 
Umwandlungswarmen wieder als Differenzen gegen die spezifischen 
Warmen®™~**, wahrend bei plétzlicher Erwarmung auf eine konstante 
Versuchstemperatur die kalorischen Effekte nach der Warmestrémungs- 
methode bestimmt werden*®-*® 

Ein sehr summarisches Verfahren zur Bestimmung von spezifischen 
Warmen ist die Drahtmethode,. bei der die Probe mit kurzen Impulsen auf 
hohe Temperatur aufgeheizt wird und sich anschlieBend wieder rasch auf 
Zimmertemperatur abkihlt. Diese Alteren® und neueren Methoden™ 
zahlen eigentlich nicht mehr zur Kalorimetrie bei héheren Temperaturen, 
weil nur die Probe auf hohe lemperaturen gebracht wird. 


3. ENTWICKLUNG UND HEUTIGER STANDARD DER MESS- 
METHODIK 

An der Perfektion der Kalorimetrie bei tiefen lemperaturen und bei 

Zimmerte mperatur sollte nicht tiibersehen werden, daB diese Verfahren in 

langeren Zeitraumen auf Grund der Erfahrungen aus sehr vielen Arbeiten 


entwickelt inden. Die Zahl der Untersuchungen mit H.T.K. ist 
dagegen vergleichsweise noch gering. Hinreichende Kenntnisse tiber den 

eckmaBigen Aufbau zuverlassiger Reaktionskalorimeter wurden erst in 
den letzte Jahren erarbeitet, so daB die Summe der vorliegenden 


Erfahrungen sich zwar, vor allem in letzter Zeit, erfreulich vermehrt hat. 


aber noch keines s als ausreichend angesehen werden sollte. Die 


cy 
Entwi der H nach noch | shheren lemperaturen, nach bessere! 
bsoluter und relativer Genauigkeit und nach méelichst einfachen. zweck- 
massigen, betriebssicheren und _ leistungsfihigen Anordnungen ist dahet 


noch immer Gegenstand der Forschung, umsomehr als die Arbeiten det 
en Jal re cindeutig gezeigt haben. daB durch entspre¢ hende Fortschritte 
Forschungsbereiche zuganglich gemacht werden, die nach Alteren Verfahren 
nicht in befriedigender Weise untersucht werden konnten. wie beispielsweise 
die systematische Erforschung der Bildungswarmen in  metallischen 
Systemen. 

Die Entwicklung der H.T.K. ist eine Frage der Beherrschung der 


Reproduzier! 
i 


arkeit der Temperaturanderungen in Thermostat und Kalori- 
meter und ihrer genauen Messung. Fortschritte lassen sich an der Zuver- 
lassigkeit der elektrischen Eichung beurteilen, die daher ein wesentliches 
Kriterium der Giite eines Kalorimeters darstellt. Sie wurde schon vor 
etwa 20 Jahren bei Messungen der spezifischen Warmen*®: 7 und det 
Schmelzwarmen*—* ¢ ingefihrt, konnte aber erst in letzter Ze it bei H.T.K. 
Reaktionsy armen angewer ndet werde n=" 

Der heutige Standard der Messungen von Reaktionswarmen ist durch 
folgende Merkmale gegeben. 
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(a) Nach dem Verfahren der Erwarmungskalorimetrie kénnen bei 
Temperaturen bis 1000°C Wasserwerte durch elektrische Eichung mit 
einem mittleren Fehler der Einzelmessung von 0-5-2 Prozent, je nach 
Temperaturbereich und GréBe der Warmemenge, bestimmt werden, 
invariant gegeniiber Variationen der Versuchsdauer und der Warmemenge. 

(b) Ergebnisse verschiedener Autoren mit elektrisch geeichten Kalori- 
metern stimmen in der Regel innerhalb von 1-2 Prozent iiberein; etwaige 
gréBere Diskrepanzen mégen cher durch chemische als durch apparative 
Fehlerquellen bedingt sein. 

c) Die Apparaturen kénnen von in | bis 2 Wochen angelernten Beo- 
bachtern leicht und sicher bedient werden; Fehlmessungen durch Bedie- 
nungsfehler treten praktisch nicht auf. Automatische Regelungen gestatten 
dem Beobachter die Konzentration auf die eigentliche Messung; je nach 
Arbeitszeit kénnen 2 bis 4 Messungen taglich ausgefiihrt werden. 
Reparaturen sind selten und werden in der Regel friihestens nach einem 
Jahr ununterbrochener Betriebszeit fallig; die Apparaturen kénnen 
verhaltnisma Big leicht ausgebaut werden, so daB auch gréBere Reparaturen 
an Heizwicklungen und Thermoelementen in wenigen Tagen ausgefiihrt 
werden kénnen. Alle Stromzufiihrungen werden von unten in die 
Apparatur eingeleitet, so daB die Manipulation von Proben ungestért von 
oben erfolgt, und Thermoelemente kénnen zwecks Reparatur oder Nach- 
eichung aus der laufenden Apparatur entnommen werden. 

d) Kriechstréme treten bei Temperaturen bis 1000°C nicht auf. Aus- 
oder Einschalten eines beliebigen Stromkreises beeinfluBt andere Messkreise 
schlimmstenfalls durch einen kurzen induktiven StromstoB. 


Bei der Messung von wahren spezifischen Warmen und Umwandlungs- 
warmen wurde bis heute folgender Stand erreicht: 


a) Ausdehnung des Temperaturbereichs bei adiabatischer Aufheizung 
bis 1600°C, bei der Erwarmungsmethode bis 1300°C; 

b) eine absolute Genauigkeit von 0-1 Prozent bei adiabatischer 
Aufheizung, bis 500°C auch bei Substanzen schlechter Warmeleit- 
fahigkeit; 

c) Entlastung des Beobachters durch partielle oder vollstandige auto- 
matische Reglung des Kalorimeters einschlieBlich des MeBvor- 
ganges. 

Im iibrigen gelten die bei den Reaktionskalorimetern aufgezahlten 
Merkmale. Die Versuchsdauer kann natiirlich sehr lange sein, wenn ein 
gréBerer Temperaturbereich durch adiabatisches Aufheizen durchlaufen 
werden muB, weil geringe Aufheizungsgeschwindigkeiten von ca. 1°C/min 
erforderlich sind. Dieser Umstand foérdert die Entwicklung vollautomat- 
ischer Kalorimeter. Die Frage der Zuverlassigkeit der adiabatischen 
Regelung und der Sicherheit der nach dieser Methode gewonnenen 
Absolutwerte bedarf einer aufmerksamen, kritischen Priifung, wenn 
absolute Genauigkeiten von besser als 1-2 Prozent angestrebt werden. 

Diese Ausfiihrungen mégen die experimentellen Moéglichkeiten der 
Hochtemperaturkalorimetrie, ihre prinzipiellen Schwierigkeiten und deren 
weitgehende Uberwindung durch neue Konstruktionen und Regelverfahren 
gezeigt haben. Aus den Arbeiten und Erfahrungen vieler Forscher hat 


20) 


i 
. 
= 
Nol 
2 


FRANZ EBERHARD WITTIG 


sich so in den letzten 25 Jahren eine brauchbare experimentelle Methodik 
der kalorimetrischen Messungen bei héheren Temperaturen herausgebildet, 
die zu interessanten Anwendungen gefiihrt hat, wie sich an der erfreulichen 
Zunahme von Arbeiten aus diesem Gebict in den letzten Jahren erkennen 
laBt. Es sind daher noch weitere wesentliche Fortschritte zu erwarten. 
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DISCUSSION ON DOCUMENTATION 
OF THERMOCHEMICAL DATA 


H. F. Stimson (U.S.A.): Computations of values of thermodynamic 
properties are based upon the thermodynamic temperature scale. With the 


trend towards increased accuracy in calorimetric measurements a more 
exact knowledge of the thermodynamic scale is desirable. Needless to say, 
we would like to know the true thermodynamic temperature scale, but lacking 
this we use the International Scale. For thermodynamic computations the 
difference between scales is not yet of great importance; below the sulphur 
point the greatest reported difference between the scales is less than one part 
in 4000 of the temperature. Corrections could be made for such differences. 

The International Scale, on the other hand, makes it possible to realize 
temperatures much more precisely and reproducibly. The definition of the 
International Scale can be and is being improved from time to time to 
make the scale more precise and reproducible without changing values on 
this scale by more than the experimental error of measurement. Except 
for temperatures above the gold point, values of temperature on this scale 
have remained essentially the same since 1927. 

Eventually the present International Scale will be changed to one that is 
more closely thermodynamic. If we were to change the values of tem- 
perature on the International Scale in the present state of our knowledge, 
the question is, would the change be worthwhile? Frequent changes lead 
to more confusion than they correct. My recommendation is for more 
researches done with meticulous care so that systematic errors will be 
removed. When our accuracy is thus increased several fold over that which 
we have at present, then a new scale can be adopted that will definitely be 
more closely thermodynamic than the present International Temperature 
Scale. 

In summary, more accurate data are needed over the entire range of the 
practical scale. Let us not change the values of temperature on the practical 
scale, however, until we can be sure the new practical scale is considerably 
closer to the thermodynamic. If this change is made too soon an exces- 
sive amount of confusion may result. 


K. S. Prrzer (U.S.A.): First, 1 would like to state my agreement with 
Dr Stimson in his argument against frequent changes in the temperature 
scale adopted by the standardizing laboratories. Frequent changes cause 
great contusion in later years; it is much better to make major improvements 


in the scale 


at infrequent intervals. 

Secondly, I would like to suggest and hope that we may soon abandon the 
use of arbitrary and somewhat non-thermodynamic temperature scales just 
as the use of international electrical units was abandoned ten or fifteen 
years ago. With the new definition of the Kelvin scale in terms of the single 
fixed poimt at the triple point of water, we should be able to determine the 


thermodynamic scale to an accuracy as high as the present reproducibility 
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IRREVERSIBLE THERMODYNAMICS 


Kennetu S. Prrzer 


l'niversity of California, Berkeley, California, U.S.A. 


[here are alternative sets of postulates which yield entirely equivalent 
results for several important theories. In such cases the choice of a parti- 
cular set of postulates may be based upon mathematical simplicity, close 
relationship to experiments or to the nature of the theory, or merely personal 
taste While the postulate of conservation of energy is usually presented 
in similar form for thermodynamics or statistical mechanics, the form of 
the postulate comprising the second law is commonly very different. Ir 
thermodynamics the postulate may be in terms of the impossibility of a1 


thermal engine producing work at the expense of heat while in qua tun 
tatistical mechanics one postulates equal a priori probability for all individual 
quantum states It is the purpose of the present paper to point out that 
there re ich alternative for the additional post late necessary to derive 
the Onsager equations for the irreversible thermodynamics of processes in 
the linear rate law region near equilibrium. 

Lhe eat engine, which was the primary subject ol interest during the 
riginal development of classi ‘| thermodynamics, comprises both rever ible 

1 irreversible processes In such machines the separation ol the revers- 
ible change { the working fluid from the frictional effects and the irrevers- 
ble heat leaks is practically self-evident. Thus in his classic paper “* On 
the dynamical theory of heat’, Kelvin' assumes this separation of pro- 
cesses to be obvious in ordinary heat engines where he simply specifies 

periect engine , but he discusses the eparation at leneth for thermo- 


electric phenomena as a separate postulate. 


Lh magnihcient work ol Gibbs, van't Hof! and others. showin the 
applicability of thermodynamics to physicochemical equilibria distracted 
attention for a time from steady-state problems. But in 1926 Eastman? 


applied Kelvin’s method to thermo-osmosis, the Soret effect, and the 
properties of thermocells. Wagner*® and London* used similar methods soon 
thereafter In these treatments it is assumed that the irreversible heat 
flow constitutes a process which is independent of the processes transferring 
the material components. Then the second law of thermodynamics requires 
the entropy to be a maximum with respect to any transfer of matter and thus 
determines the steady-state distribution. 

Ihe new formulation of the near-equilibrium problems in 1931 by Onsager® 
in terms of linear rate laws and his derivation of the reciprocal relationships 
gave new impe tus to theoreti al work and de Csroot®, Privogine? and others 
soon applied this new formulation to a wide variety of phenomena. It was 
implied in some of these treatments that the new methods were more 
rigorous in spite of the fact that in so far as the problems had been treated 


previously by Kelvin’s methods, the results were identical. However, the 


P.A. \ 2. NOS. I-2) 907 


= 
7 
= 
* 


KENNETH PITZER 


new formulation is more convenient in many instances, Onsager’s deriva- 


tion of his reciprocal relationships is based upon the postulate of mic roscopic 


lity and upon statistical arguments concerning the de« ay of fluctua- 
tions Among the several other statistical derivations which have been 


given is that by Parlin, Marcus and Eyring® in terms of absolute reaction 
rate theory. 


While the convenience and power of the Onsager formulation is a great 


advantage. this may be attained from the Kelvin postulate of independent 
processes, as has been demonstrated by Li*. Indeed. the present author 
hel 


echeves that this form of the basi postulate is most appropriate to thermo- 


dynamics as well as having a historical precedent. A simple derivation of 
the Onsager relationships from the Kelvin postulate is given below. This 


presentation ts essentially similar to that of Li but is more concise and avoids 


one possibly misleading implication*, 
Following the usual definitions. one sele ts co-ordinates a; which measure 
the amounts of various « omponents of matter, of heat, efc., transferred from 


one portion of the system to another. The zeros of these co-ordinates are 


selected at the state of equilibrium. Hence the entropy change from 


eq ibrium, to the second order, is 


i is a flux which is commonly given the 


ji. Also the restoring force or potential difference associated with 


co-ordinate is defined by the equation 


he rate of increase of entropy, within the region of validity of equation 


3) 


> note the particularly simple form of the expression as a sum of 


In practice it is usually easier to write an expression for the rate of entropy 


increase directly in terms of defined fluxes and differences of temperature, 


pressure, concentration, efc., within the system. Then the potential con- 


jugate to a given flux may be found by identifying the complete factor 
which, multiplied by 7;, constitutes a term in the equation for §. 


there is no limit upon the number of in lependent microscopic 


proce For examy in a thermo-osmosis system there might be several different mem- 
ram cach w have its characteristic heat « transier flor passage ol matter How- 
he 1 er Of Huxes required to describe the macroscopic system is fixed by the 
r of components, eéf While Li’s resultis identical with that given here, his use of a 


ire transiormation matrix implies an unnecessary lir 


nitauion of equal numbers of fluxes 
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At equilibrium all gradients X; are zero and by thermodynamics all 
fluxes must be zero. Also for systems not at equilibrium § must be positive 
regardless of the signs of the X;. Consequently the 7; must change sign 
with the X; and one expects a linear dependence of 7; on X; to be a good 
approximation for small X;. 

An arbitrary selection of fluxes cannot be expected to yield those micro- 
scopic processes which are actually independent of one another but we 
postulate that such non-interacting processes exist in the region of first-order rate laws, 
For this special set of fluxes, 7;, each flux depends only upon its corresponding 
potential gradient X;, hence 


(4) 


where L; is the linear rate constant. 
The arbitrary fluxes 7; can be expressed in terms of the non-interacting 
fluxes 7; by a linear transformation 


Ji “ij Jj 


and this transformation may be substituted into equation (3) for entropy 
production 


The coefficient of 7; in equation (6) is 


Xj => ayX (7) 


Substitution of these results and the rate equations (4) for the independent 
processes into equations (5) yields 


Xt 


and if we define a new rate constant Liz: 


> LaXe 


la = > 


j 


But it is evident from equation (10) that 
Lie = Las 


which, for various i, k, constitute the Onsager reciprocal relationships. 
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TRANSITIONS AND THERMAL ANOMALIES 
IN SILVER OXIDE 


Kennetu S. Prrzer, Rocer E. Gerxin, Lawrence V. Grecor and 
C. N. R. Rao 
University of California, Berkeley, California, U.S.A. 


In 1937 Pitzer and Smith! measured the heat capacity of silver oxide 
(Ag,O) over the range 13~300°K and found anomalously high values in the 
range 20-40°K. Hysteresis effects were noted with respect to the excess 
heat capacity. The entropy associated with the anomaly was approxi- 
mately 0-5 cal ‘C~' mole~!. Kobayashi? measured the heat capacity of 
silver oxide at higher temperatures and observed a heat evolution of approxi- 
mately 315 cal/mole in the range 100-200°C the first time that a given sample 
was heated through this region. Repeat heating gave no further heat 


evolution. In each case the sample was precipitated from aqueous solution 


and was dried at temperatures not exceeding 115°C. The present investi- 


gation was designed to yield further information about these peculiar effects. 


EXPERIMENTAL 


Samples 


Several silver oxide samples were prepared under a variety of conditions. 


Ihe decomposition pressure of silver oxide reaches | atm at about 460°K, 


hence high temperature preparations had to be carried out in a bomb under 


oxygen pressure. <A platinum lining was used in the bomb. In all cases 
the samples were initially precipitated from aqueous solution at room 
temperature in the absence of carbon dioxide. Care was taken to avoid 
contact with reducing agents. Analyses yielded the theoretical compositon 
Ag,O within experimental error. No reduction such as that reported by 
Faivre* was observed. Spectroscopic analysis showed 0-05 per cent of Cu 
and less than 0-01 per cent of other impurities. The samples may be placed 
in three classes: (A), precipitated and dried at 95°C; (B) precipitated, dried, 
and annealed by heating to 180°C under 140 atm pressure of oxygen; and 
C), precipitated, crystal growth promoted under 200 atm of oxygen in 
contact with water for 20 days at 325°C, and then dried in pure oxygen at 
110°C, 

Optical microscopy showed material (A) to be exceedingly fine whereas 
material (C) had crystals of approximately 0-02 mm edge length. X-ray 
diffraction showed a lattice parameter of 4-72 + 0-01 A for all samples, but 
samples (B) and (C) showed somewhat sharper lines. Electron spin reson- 
ance measurements gave no evidence for unpaired electrons in either annealed 


or unannealed samples. 
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Thermal measurements at 20-40°K 


The low temperature heat capacity measurements were made in the usual 
manner. Minor variations in the calorimeter will be described when the 
measurements are presented in detail. Figure ] shows as open circles and 


d Smith' on two 
san ple ( 


squares two of the series of measurements of Pitzer and Smith on a sample 


\) and as closed circles the new measurements on sample (C), i.e. 


aled crystals. It is apparent that the anomaly has disappeared. 

crystals show slightly smaller heat capacity over the remainder 
of the temperature range. This effect of surface or of particle size has been 
observed for other substances. 

Heat capacity measurements have also been made on samples (B) but 
calculations are not vet complete. The anomaly is still present but is 
substantially reduced in magnitude as compared with sample (A). The 
entropy value calculated for sample (C) is given in Table / along with the 
values for sample (A) and that reported by Hamer and Craig* from cell 
measurements. ‘The value for the large crvstals of sample (C) is in excellent 


agreement with that of Hamer and Craig. 


E.M.I 


Thermal measurements at 370 470K 


Phe apparatus used in this range was of the differential thermal analysis 
type described by Pask and Warner®. We are indebted to Professor Pask 
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for the use of this equipment. The apparatus is sensitive to heat effects of 
0-2 to 0-5 cal with a sample of 2 g of silver oxide. Heating curves for 
unannealed samples of type (A) uniformly showed exothermic peaks near 
200°C in agreement with the result of Kobayashi. Neither the annealed 
samples (B) and (C) nor samples of type (A) which had been heated through 
the 200°C peak showed any exothermic peak. All samples absorbed heat 
in the region above 250°C; this was presumably caused by decomposition of 
silver oxide to metal and oxygen. 


DISCUSSION 


The measurements reported above show that neither of the thermal 
anomalies observed for freshly precipitated and dried silver oxide is observed 
with large perfect crystals. Both anomalies are associated in some way with 
the large surface or the crystal imperfection of the precipitated material. 
The heat evolution above room temperature could readily arise from the 
annealing of crystal defects and the reduction of surface by crystal growth. 
We have observed similar effects in magnesium oxide. Since the energies 
associated with defects or surface may be large and it is known that the 
precipitated material is extremely finely divided, there is no contradiction 
with the rather substantial heat of 315 cal/mole observed by Kobayashi?. 

It is much more difficult to explain the low temperature anomaly. Since 
the effects at 20-40'K are reversible, although with hysteresis, only thermal 
energies corresponding to these temperatures can be involved. Thus the 
appropriate quantity for interpretation is the entropy of approximately 
0-5 cal C-! mole~!. If the surface atoms were shifting from single positions 
to random distributions over a modest number of positions, then roughly 
10 per cent of the atoms would have to be on the surface. This seems 
unlikely. Another possibility is some sort of condensation or aggregation, 
whereby the entropy change per mole of surface atoms might be 10-20 
cal ‘C~! mole~!. Even this postulate requires | to 5 per cent of the atoms 
to participate, which seems a large percentage. 

It is known from work* on magnesium oxide that surface entropy of very 
fine material can approach 0-25 cal “C-! g-atom~', but in that case the 
extra heat capacity is distributed more uniformly over the entire temperature 
range. The values in 7able / for sample (A) (without hump) and for sample 

C) show that this difference is present in the silver oxide in addition to the 
anomaly at 20-40 K. 

The crystal structure of silver oxide has an unusual characteristic which 
might lead to abnormal behaviour. The silver oxide structure comprises 
two separate but interpenetrating lattices which are nowhere directly bonded 
to one another. Thermal energy at high temperatures would cause each 
lattice to occupy on the average the centre of the vacancies of the other 
lattice and thereby have maximum freedom for thermal motion. Con- 
ceivably, however, at low temperatures the two sub-lattices could move 
toward one another and find a lower potential energy in an unsymmetrical 
state. Since this would involve co-ordinated motion of all atoms of a given 
crystal, it is possible that the rate of transformation is significant only for 
very small crystals. If this sort of change is involved, the restraining forces 
for lattice vibrations should be somewhat larger in the low temperature 
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SOME THEORETICAL ASPECTS OF PHASE 
TRANSITIONS 


JjJosern E. Maver 


School of Science and Engineering, University of Califorma, La Jolla, California, 
USA, 


Thermodynamics alone puts but few limitations on the nature of phase 


transitions. Coupled, however, with a statistical mechanical interpretation, 


it provides occasionally some insight into this nature. 
Consider the usual simple proof that the Helmholtz free energy, A(V,7 


can never have a region in which the plot against V at constant 7 is con- 


cave downward, i.c. for which ()24/dV*)_7 0. Suppose there were such 
a region, Figure]. We draw the straight line tangent at and at 
Consider a system of volume V (V, J V,) then a distribution with 


Heimnoltz free energy 


weight fraction « occupying the volume and 
with fraction (/ x occupying the volume 
! x) V, will have total volume I’. Provided the system is so large that 


the interfacial free energy can be neglected, the total free energy will be 


A vA, ! *)A,, namely it will lie on the straight line between the 


two volumes V, and V,. But since the equilibrium condition at fixed 


V and T is that A be a minimum, the two-phase system will be the equili- 


brium state for all volumes between |, and V,,. 


Since P dA) 7 is constant along the line, the two-phase region 
has a constant pressure. For the sketch shown, since ()*A/)V*)7 > 0 at 
both and V,, the compressibilities, A VV IP )r 


approach finite values at the phase transition. 
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The argument is conclusive for thermodvnamix equilibrium. However, 
the inverse conclusion, which is sometimes drawn. that if there is a phase 
transition there must exist some uniquely defined continuous A V7 
curve above the straight portion, is unjustified. This conclusion is some- 
times extrapolated from the remarkable success of the simple van der Waals 
equation which shows the familiar P-V loop in the condensation region, 
corresponding to just such a continuous A-V’ curve with A concave 
downward. The conclusion is further substantiated by the fact that in 
many, if not all, cases the metastable region can be traced experimentally 


beyond the transition volumes. However, these metastable « urves are never 


followed into the region where A is concave downward. ()P Wr 0. 

It is my opinion that no such continuous A-V' curve has any unique 
meaning The usual description is that such a continuous A-V curve is 
that which would obtain if the system were constrained to a uniform den- 
sity. However, the problem arises as to how uniform is uniform. If 
d7491?)7 0 fluctuations of any kind in the density lead to a more 


stable configuration, and since positive surface tree energies are meaningless 
between regions differing in a continuous parameter for infinitesimal 
diflerences in that parameter, the fluctuations on a molecular level will be 
stable. In short, even if the system is constrained to a lattice with one 


molecule per site, the equilibrium configuration will have the molecules at 


the cell corners with as many clustered together as the assumed lattice 
allows. The value of A will depend on the lattice structure assumed and 
will be utterly different if a lattice permitting two or more molecules per 
cell is considered. 


n interesting example of a phase transition in which the metastable 


curves for the two phases can be traced to overlapping volumes is that of 


some experiments made by the use of ele tron compute rs on hard sphere 
molecules These have been made by Alder and Wainwright in Livermore 
ind by Wood in Los Alamos. the latte: following a method first used by 


Metropolis R senbluth, Rosenbluth, and leller. 


Phe computers treat an infinite system of hard spheres the initial positions 
ind velocities of which are exactly periodic in cubic cells containing n 
molecules, so that for all future time the system is constrained to have no 


density fluctuations nor energy fluctuations in anv volume containing 
exactly an integral number of these cubic cells. In different experiments 
the number n is chosen as 4, 8. 16.32... . 912, the latter being the largest 
number treated. The results are essentially independent of n for n > 32. 
Alder and Wainwright ask the computer to tell them the positions and 
velocities after time ¢ by actualls computing the results of all collisions. Wood 
uses the .\/ R? 7? method, by which random displacements with the appro- 
priate weighting are made. The number of random moves in this case plays 
a similar role to the time ¢ in the othet computation. In both cases the 
pressure P is computed from the pair distribution in space, and the results 
of the two methods are essentially identical. 

At sufficiently large volumes the P—V curve is quite normal. At volumes 
considerably larger than close packing a strange phenomenon occurs. For 
the order of 105 moves or more the computed P shows the normal small 
fluctuation around some average value, P,,(V’), but then suddenly jumps to a 
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larger value, and fluctuates around the new average of P,(V) for another 
10° or more moves. In at least one case a return to Per was observed. The 
spatial distribution that leads to Per is that of small displacements from the 
arrangement of a close-packed lattice, and few if any exchanges of the 
positions of the molecules occur. (Since the initial positions chosen are 
those of a close-packed lattice the “ phase ” with P., always appears initially.) 
If V is sufficiently large the distribution goes over in a few moves (that is in 
some 10% moves) to the distribution corresponding to P,(V 

Unfortunately, the free energy Acr(V) of the “ phase’ for which the 
pressure is Poer(V) cannot be obtained. That of the other “ phase ”’ is 
obtained from the P,(V)dV integral to the perfect gas limit where the 
integration constant isknown. The function Aer( V) is left with an unknown 
integration constant, and the “ equilibrium ”’ pressure at which the transi- 
tion occurs is unknown. However, since the negative slope 


— (dA, W)r P, V) 


of the “ gas phase ” is much greater than that of the “ crystalline phase ”’ at 
low V values, it is clear that the two curves, Ag and Acr must intersect. leav- 
ing a region concave downwards. 

By an ingenious method Wood has “compressed” the metastable gas 
phase to low V values, and the distribution appears to go over into some- 
thing resembling that of a body-centred cubic lattice. 

Now it appears to me to be clear that the behaviour of this system shows 
that the “gas” or “ fluid” phase has a positive surface free energy in 
contact with the “ crystalline ” phase. 

In the discussion of the phase transition one proves that a transition occurs 
at equilibrium if the A-V curve is such that a tangent to it at two volumes 
V’, and V, falls below the curve. However, the statement is only true if the 
surface free energy is neglected. This is always legitimate if the system is 
large enough, and under no constraint of uniform density. If, however, the 
surface free energy is positive, and a suffic iently large proportion of the 
system is at the interface, the argument would fail. The systems dealt 
with in these computer experiments are such that uniform density is main- 
tained in cubic cells containing n molecules, and always n < 10%. The 
system can become two-phase only by dividing every cell into the two 
phases. Counting that at least one molecular layer in each phase is at 
the interface, even for n 108 one would have 200 molecules in each cell 
at an interface bisecting the cell, and another 200 at the interfaces with the 
adjacent cell. In all, about half the molecules would be at interfaces. If 
the surface free energy is positive it is clear why the system does not show 
the phase separation and the consequent volume range of constant P value. 
But unless the surface free energy were positive separation would occur. It 
seems evident that there are two distinct phases, crystalline and fluid, for 
these hard sphere molecules, and that the two phases have a positive surface 
free energy. 

One might parenthetically remark that for this (classical) system the 
energy is purely kinetic and independent of volume. The whole depend- 
ence of A upon V lies in the entropy term, as does the surface free energy. 
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Could the calculations be carried out sufficiently long the relative entropies 
in the two phases could be evaluated by comparing the “ times” spent in 
each phase. The transitions are so rare that this is impractical. 

The foregoing discussion indicates that in the normal first-order transition 
the free energies of the two phases show a normal behaviour as the transi- 
tion 1s approached. Abnormal increase in the « ompressibility or in the heat 
capacity is not to be expected. If such an abnormal “ pre-transition *’ rise 
in either or both were observed it would indicate that the stable phase has, 
in its structure, some premonition of the approaching calamity. Such 
premonitory behaviour might be described as fluctuations in the stable phase, 
a, of groups of molecules into the arrangement of phase 6. If Ap is the 
difference, ju» uta, in the free energies per molecule for the two phases, the 
probability that a given set of n molecules would be in phase 6 would be 
exp — up — pa) AT were there no surface effects. The number on the inter- 
face is of order n*3, and if the interfacial free energy per (the area of one 
molecule is o then another factor of ordet exp — n*3a/kT is introduced, which 


is the only remaining 


factor at the transition point for which lla itp. We 
might decide that the new phase is unrecognizable unless it is at least the 


size of a cube with four molecules on the edge, having 8 molecules in the 


interior as the new phase, and the remaining 64 8 56 molecules 
on the surface. The chance that a given set of 64 molecules is in such a 
fluctuation is then of the orde1 exp i60 kT, which is hardly appreciable 


unless o kT is indeed very small. Using a rather small interfacial tension of 
13 dyn'cm and an area of 10 A? per molecule, o 1-3 10-' erg, atk 
is 1OO K, so that a kT is of order ! at room te mperature. 

We may conclude that if two phases have a reasonable interfacial tension 
the fluctuations in either of the phases that presage the transition will be 
negligible. The situation is utterly different if the interfacial tension is 
extremely small, and were it. perchance, to become identically zero in 
value, we would expect a continuous rise of the heat capacity and of the 
compressibility to infinite values as the transition is approached. 

he order of a phase transition is traditionally defined as that of the 
lowest derivative of the Gibbs free energy. G. which becomes discontinuous 
at the transition. First-order transitions are those for which there are non- 
zero first derivative discontinuities by the amounts AS and AV’. whereas for 
second order transitions these are continuous but the next derivatives are 
discontinuous, so that ¢ p,» A and gp jump in value. The definition has the 
advantage of mathematical simplicity and apparent uniqueness, even if, on 
the one hand rather varied phenomena are classed as the same order. and 
on the other hand the order is not always easy to assign unambiguously 
from the experimental behaviour. 

There exists an old objection to the possibility of existence of true second- 
order (or any even order) transitions. The objection is probably best 
answered by the apparent experimental existence of a considerable number 
of clear cases. However, it deserves mention with the probable theoretical 
answer. 

The objection is that, on a G-T plot, the continuation of the curve for 
the phase of higher Cp, and therefore of greater concavity downward, lies 
at a lower free energy G than that of the phase which is observed to be 
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stable. ‘The obvious answer is that the continuation does not exist. Physi- 
cally, one assumes that there is some natural parameter which is a function 
of the state T and P, the change of which contributes terms to the heat 
capacity and compressibility, elc., and which reaches some “ dead-end stop si 
at the transition, so that beyond the transition it remains constant at this 
limiting value. Actually, as far as I know, all cases of second-order transi- 
tions for which there is a mechanistic physical explanation do have a natural 
parameter of this type. In the lambda transition of liquid helium the two- 
fluid model has this parameter as the fraction of superfluid, which reaches 
the natural limit of zero at the transition. Transitions explained by the 
onset of what one describes as free rotation have also such a parameter 
in the fraction of ** freely rotating” molecules, which cannot exceed unity. 
In the case of superconductivity the parameter is the “ energy gap ”’ above 
the Fermi surface, which decreases to zero at the transition. 

Unfortunately for so simple an explanation, any naive interpretation of 
it would require the heat capacity to be « ompletely normal on the side of the 
transition for which the parametet takes its constant limiting value. This is 
seldom the case, and in most experimentally known cases the heat capacity 
rises abnormally from both sides as the transition is approached. 

Even the mathematical definition of a second-order transition runs into 
at least semantic difficulties when applied to the liquid helium case. The 
heat capacity rises logarithmically to infinity from both sides as the transition 
is approached. Since the rise is logarithmic the heat absorbed in the 
interval between Tu e and Ty + € goes to zero as € vanishes, so that 
the transition is not first order. In the sense that the two heat capacities 
at Ti «and at Ty, + « differ by a non-zero « onstant as €« decreases, there 
is a “ jump ™ in the heat capacity, but at the transition it is between two 
infinite values. 

Chere is one rigorous statistical mee hanical statement that can be made 
linkine the order of the transition and the distributions of molecules on the 
two sides of the transition. ‘The statement is simplest in the classical case 
when the kinetic energy is always L)kT per degree of freedom. ‘The 
molecular distribution may be described by a hierarchy of probability 
density functions for increasing numbers, n, of molecules. The first of these 
p,(r) gives the probability density of finding a single molecule at 7 and the 
second, po(1y,7%2), is the probability density of finding simultaneously one 
molecule at r, and a second at rp. In an nth order transition the probabi- 
lity density function, pn, for ” molecules is discontinuously different on the 
two sides of the transition, but the functions for fewer than n molecules 
remain continuous. 

Finally I may mention one interpretation of what appears to be a second- 
order transition in some glasses, presented by Dr J. H. Gibbs at the Gordon 
Research Conference on Liquids in the summer of 1959. On cooling, most 
glasses show abnormally high heat capac ities, and on “ freezing ”’ there is a 
sudden drop of the heat capac ity. ‘The entropy drops on cooling abnormally 
rapidly in the range of high heat capacity, then at a normal rate for lower 
temperatures, but usually stays well above the entropy of the crystalline 
material and approaches a positive non-zero value at absolute zero. The 
sudden change of heat capacity 1s primarily or solely due to the enormous 
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increase in viscosity and consequent almost zero rate of the internal reorien- 
tations toward the stable ordered structure. 

However, some polymer glasses, the polymer of which can also be obtained 
as crystals, have a total decrease of entropy in this abnormal heat capacity 
range which takes them to essentially the same entropy as the crystal. 
Below the “ transition ” their heat capacities are closely the same as that of 
the crystal, and, if the crystal entropy is zero at absolute zero one concludes 
that the glasses approach (practically) zero entropy at absolute zero. If 
these facts are correct one must conclude that the “ transition ” occurs as 
the disorder entropy of the glass approaches zero. 

In order to believe this at all one must remember that a vanishingly small 
entropy is still consistent with a considerable number of states in a macro- 
scopic system. Since § k in £2, a value of Q, the number of microscopic 
states, as large as 10!°*° which is still a considerable number, would give 
an immeasurably small entropy in one mole of material. 

Now Gibbs sets up the highly complicated expression, using the quasi- 
chemical approach, for the number of disordered complexions, 22, as a 
function of the difference, AF, in energy between the glass and crystal, 
which in turn is determined by the number of “ misplaced ”’ links. The 
details of the calculation are quite complicated. However, the expression 
for In 22 extrapolates to zero, 2 to unity, at a value of AE greater than zero. 
In reality, of course, the approximate expression, which might be quite 
good for large AE fails at low values, where certain unique configurations 
corresponding to the partial crystalline order begin to have importance, 
and configurations for all AE 0 exist, indeed in great numbers, but not 


greater than, say, 10!°°". The glass system follows the approximate equation 
prediction fairly well for large 2 values, decreasing AE and Q with lowering 
temperature, and finding it increasingly difficult to diffuse to the lower 
energy sites as {2 decreases and their number becomes smaller. This 
same decrease in sites available causes a rapid decrease in fluidity. By the 
time 22 had decreased to 10'®*" the molecules can no longer find the few 
peculiar configurations of really low energy, and the fluidity has sunk 
correspondingly. But by this time the configurational entropy has become 
immeasurably small. 

Whether the picture indeed corresponds to reality I am not in a position 
to assert. In any case I find it plausible. The essential feature is that the 
low configurational entropy is adduced as a cause of the decrease in fluidity, 
the decrease in fluidity occurs at the same point as the true S§ versus AE 
curve changes character, and this occurs at an entropy so small as to be 
negligible. 
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TRANSITION TYPES IN HYDROCARBONS 
AND RELATED SUBSTANCES* 


Joun P. McCuttoucu 


Petroleum Experiment Station, Bureau of Mines, U.S. Department of the Interior, 
Bartlesville, Oklahoma, U.S.A. 


More than 300 pure organic substances have been studied in detail by 
calorimetric methods. More than one-third of these compounds exhibit 
some type of thermal anomaly in the condensed phase. In 1940 Deffet! 
listed nearly 1,200 organic sustances in which polymorphism had been 
detected by either thermal or non-thermal methods, or both. Obv iously, 
phase transformations other than melting are among the more common 
phenomena encountered in physical and thermodynamic studies of organic 
substances. Despite an abundance of experimental facts accumulated in 
the last 50 years, and despite the efforts of many able scientists to interpret 
these facts, satisfactory theoretical explanations of phase transformations in 
organic solids are rare. 

Several recent reviews illustrate clearly the difficulties met in attempts to 
understand phase transformations either in terms of classical thermodynamic 
phase relations or of molecular and structural phenomena?-*, Theoretical 
treatments involving the use of statistical mechanics have yielded results in 
qualitative or, occasionally, quantitative agreement with experimental data 
for a few simple systems, most of which are ¢ omposed of inorganic substances. 
So far these treatments are limited to two-dimensional cases, and even so, 
are quite complex. Partial interpretations of transitions of some molecular 
crystals have been made in terms of the order—disorder and structural 
transformations pre umed to occur, but the common lack of adequate 
structural information usually makes such interpretations only tentative. 

One of the reasons for the seemingly slow progress in developing theoretical 
interpretations of phase transformations may be that the theorist cannot be 
sure as to the nature of the phenomena that he must explain. The experi- 
mental data on phase transformations are scattered in the literature and 
often are reported in a confusing way. Different authors use the same 
terminology for what appear to be different phenomena, or different 
terminology for what appear to be similar phenomena. The purpose of 
this paper is to present in brief outline a systematic classification of the types 
of transitions that occur in hydrocarbons and related substances as an aid in 
eliminating some of the present confusion. 


CLASSIFICATION OF TRANSITION TYPES 


Jaffray*, among others, discussed the difficulty of classifying phase trans- 
formations by relating them to either the mac roscopic (thermodynamic) 
or microscopic theories of such phenomena. He presented a classificaton 
based on the geometrical form of the free energy and entropy curves below, 
at, and above a transition point. The classification given here is essentially 


* Contribution No, 82 from the Thermodynamics Laboratory. 
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PRANSITION TYPES IN HYDROCARBONS 


Compound Transition type* 


H 27 
i4 methyl benzene H 27 
1,3,5-Trimethylbenzene H 28 
1-Methyinaphthalene l 26 
2-Methylnaphthalene 21 26 
Pentamethyl benzene l 29 


Hexamethylbenzene iN, H 30 


Oxyoer npound 
Methanol 31 
Acetone H 32 
Furan 2 33 
n-Butanoic acid 2N 34 
| .4-Dioxane l 35 
Cyclopentanol lH 6 
n-Pet tanol H 37 
2-Methyl-2-butanol ] 37 


1-Sorbos« 2N 38 


Benzyl alcohol 


yl-2-propancthiol 
2-Methylthiophene 46 
$-Nietl hiophene 47 
at, l 44 


2-M yl-2-butanethiol ll 
3, 3-Bisthiaethyl-2,4-dithiapentane 1(2 49 
Benzencthiol H 
yi-1-thiacthane IN, 1 
Benzo(b thiophene 


rick 


rodifiuoromethane H 54 
ethoxide 5 


F mium chloride 
Chioropentafluorocthane l 58 
Polytctrafluor ethylene 3N.H 59 
1.1, 1- richloroethane 2 bU 
ethane 


atc 


Dichloroethane H 63 


ym-Dimethylhydrazine G 65 
Dis hylaminediborane 21 66 
Pr | ] 
Octafluorocyclobutane 67 
Pyrrole H 11 
Pyrrolidine 2 ll 
U ndecafl soropiperidine 21,1 ll 
n-Pentylammonium chloride SN(2 68 
n-Hexadecaflu roheptane ] 69 
Copper(II) acetonylacetone H 70 


he : er of transitions of each type is shown in parentheses if more than one occur 


* Only the t recent reference is listed 
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Type 1—The Type | transition illustrated in Figure /] is familiar as the 
so-called “ isothermal ” or “ first order” transition, which is believed to 


occur entirely isothermally in the manner of melting for most pure substances. 


uw 


Lig 


mole’ 


cal°c 
uw 


l-undercooled _ 


190 200 210 230 
Temperature °K 


transition in cis-decahydronaphthalene**: Ty, 230-18°K, 
2268 cal mol Ty ] K, AH, 510-6 cal mole 


Thus, the heat capacity is “ normal” immediately above and below the 


point, and the two crystalline phases involved are thermo- 
dynamically distinct. 


ture pl 


transition 


In fact, as the illustration shows, the high-tempera- 


phase (crystals I) often may be undercooled, and occasionally the low- 
temperature phase (crystals II) may be superheated. 


140 160 180 200 220 
Temperatur °K 


2I transition in cycloheptatriene*: 7), 197 -92°K, 


153-98°K, AH, 560-9 cal/mole 
224 
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Type 2I—The Type 2I (isothermal) transition is characterized by an 
upsweep in the heat capacity curve below the transition temperature, at 
which the remainder of the transformation proceeds isothermally. The heat 
capacity is “normal” above the transition temperature. An extreme 
example of this type is given in Figure 2. In other cases, the “ pre-transition”’ 
effect shown by the heat capacity curve of crystals II is much less pro- 
nounced, Also, the heat capacity of crystals I at the transition point may be 
either greater or less than that of crystals II. As a Type | transition resembles 
the melting of a pure substance, so the Type 21 transition resembles the 
melting of an impure substance. 


7 ype 31—Transitions of Type 31, illustrated in Figure 3, differ from those 
in Type 21 only in that the heat-capacity variation for crystals I shows that 
transformation continues above the point of isothermal transition in addition 
to beginning below that point. Comparison of Figures 2 and 3 shows that 
this distinction is real from a phenomenological viewpoint. 


190 


200 8210 220 230 240 


Temperature °K 


Figure 3. Type 31 transition in 1-dodecene™: 7 m 237-93°K, AH 4758 cal/mole; 
Tt 212-9°K, AM; 1088 cal/mole 


Type 2\—Figure 4 is an example of a Type 2N (non-isothermal) transition, 
so designated because of its apparent resemblance to a Type 2I transition. 
However, although the heat capacity may reach very high values at the 
transition point, the Type 2N transition appears to be entirely non-isothermal. 


T pe 3N—The Type 3N and Type 3I transitions are related in the same 
manner as those of Type 2N and Type 21. As illustrated in Figure 5, the 
Type 3N transition occurs over a range of temperature both above and 
below that at which most of the transformation occurs, but at no point does 
the process proceed isothermally. 
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Figure 4 ZN transition in cycl butane’*: 


Cmax = 876 cal °C 
Tm = 182-43°K, AH, 


‘mole! at 145-54°K; 
260-1 cal/mole 

Type H—Transitions that are evidenced only by a maximum or “ hump ” 
in a continuous heat capacity curve are classed as Type H. The heat 
capacity curve shown in Figure 6 is typical, but the hump often is much 


broader. The maximum heat capacity value usually is no more than 
twice the “ normal ”’ value. 


Type G—Type G (glass-like) transitions. illustrated in Figure 7, are so 


designated because of their obvious resemblance to the glassy transitions 


230 240 250 260 270 280 290 
Temperature °K 


Figure 5 


3N transition in l-hexadecene"™: T= 
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15 


130 150 170 190 210 230 
Temperature °K 


Figure 6. Type H transition in 1,2-dichloroethane™: Ty 237-:2°K, AHm 2112 
cal/mole 


that occur in some under-cooled organic liquids. Indeed, both the true 
glass transitions in liquids and the Type G transitions in solids probably 
involve the same kind of “ freezing-in ”’ of molecular degrees of freedom. 
In some solids, the Type G transition may be neither so sharp nor so large 


as that in Figure 7. Also, although the slight peak in Figure 7 is similar to 
those observed in some studies of glasses, it may not be real. 


80 100 120 140 160 180 
Temper ature °K 


Figure 7. Type G transition in 1 ,cis-2-dimethylcyclohexane*®: 7; = 172-50°K, AH; 
1973-4 cal/mole 
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DISCUSSION 


The classification given here was made with only incidental attention to 
possible interrelationships among the several types or to theoretical explana- 
tions that have been advanced for some of the types. This approach pro- 
vides a fresh point of departure for further study, but an evaluation of the 
distinctions that have been drawn is necessary. As knowledge of phase 
transformations increases, it is likely that the number of distinct transition 
types will be recognized as smaller than the number distinguished here. 
Such simplification most probably will be the result of theoretical develop- 
ments, for experimental methods already have been pushed nearly to the 
limit of their power of discernment. 

Iwo effects limit experimental elucidation of the nature of phase trans- 
formations. The first, which might be eliminated and which ought to be 
the subject of more study, is the effect of impurities. Solid-insoluble 
impurities may have little effect on solid-solid phase transformations, but 
solid-soluble impurities could have a pronounced effect. Scott et al.'2 

the transition temperature of 2,2,3,3,-tetramethylbutane varies 

different purity. The second effect, which may not be subject 

is tha > slow thermal equilibration so common in 

Experience in this Laboratory and elsewhere has shown 

it thermal equilibration in the vicinity of transition points may require 
we than 72 hours. Thus, accurate heat capacity measurements in the 
of a phase transformation may be impossible, and it may not be 

‘even to determine whether or not a transition is isothermal. The 
dotted portions of the curves in Figures 1-7 indicate regions in which reliable 


eat Capacity measurements could 


not be made. 


Ihe limitations of experimental investigations are responsible for some 


arbitrariness in this classification. There may be no real difference between 
ype 21 and Q2N, lypes | and IN, or even lypes IN and H. 

hand, ph nome? ically simila types may be quite different 

of detailed transformation processes. Thus, any theory or theories 
formations must account for both the apparent differences and 

ipparent similarities among the transition types that have been observed 


in hydrocarbons and related substances 
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MOLECULAR FREEDOM IN SOLID SOLUTIONS 
OF HYDROCARBONS: SOME OBSERVATIONS 
ON POSSIBLE CAUSES OF SELF-DIFFUSION 


J. G. Aston 


The Pennsylvania State University, State College, Pennsylvania, U.S.A, 


INTRODUCTION 


Crystals of complex molecules which are highly spherical in shape have 
unusual properties for a considerable range of temperature below the melting 
point, as was first recognized by J. Timmermans who called such compounds 
‘ molecules globulaires "’. While the melting point is sharp, the condensed 
phase below the melting point is not crystalline in the strict sense of the 
word, 

The reflections of X-rays from the planes are much more diffuse than the 
reflections from the planes of the usual crystal*: *. However, their reflec- 
tions indicate a highly symmetrical arrangement of the centres of gravity of 
the molecules. 

It has now been shown that in such crystals the molecules are more or 
less free to rotate and that there is also self-diffusion as in liquids. For this 
reason this writer prefers to call them plastic crystals (not to be « onfused with 
liquid crystals). 

Because of the mobility in plastic crystals, “‘ molecules globulaires ”, 
when in such a state, are mutually soluble. The present paper compares the 
properties of the solid solutions formed in the plastic crystal with the pro- 
perties of the components in an attempt to throw further light on the origin 


of their peculiar properties. 


PROPERTIES OF PURE PLASTIC CRYSTALS 
(ONE COMPONENT) 

Phase changes 

On cooling plastic crystals to low temperatures they undergo one or more 
transitions in which rotation and migration stop. Examples of such transi- 
tions are given in Table 1, where the corresponding latent heat is given below 
the temperature. It should be noted that the plastic crystals in all cases 
have sharp, well defined, melting points with considerable heat of fusion. 
However, sometimes they pass into a phase which is quite analogous to a 
glass. Such a condition will be discussed later. 

The transitions may be of the first order or of the second (or higher order). 
It is an almost universal rule that if the molecule approximates spherical 
symmetry (¢.g. methane, carbon tetrachloride, etc.) sufficiently closely, the 
transition in which most of the rotation is lost will be second order. The 
corresponding transition will be first order if the molecule approximates an 
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oblate spheroid (e.g. cyclopentane) or is pear-shaped (e.g. 2,2-dimethyl- 
butane). In Table ] the transition temperature is marked (F) if the transi- 


tion is first order and (S) if the transition is second order. 


Dielectric constants of the phases 


It was early recognized by Smythe and co-workers‘ that when a liquid 
composed of polar molecules froze to yield a plastic crystal, the dielectric 


constant suffered no sharp fall analogous to that which occurs when rota- 


tion is not possible. Indeed, later they devised an apparatus for measuring 


dielectric constants and heat capacities simultaneously®. With this, they 


showed, for example, that fert-butyl chloride had two transitions, the upper 


being second order and with the higher heat. On cooling it was at the upper 
transition that the sharp fall in dielectric constant occurred. 


Nuclear magnetic resonance line broadening 


Gutowsky and Andrew together with their co-workers have studied the 


effect of rotation in the solid state on the shape of the nuclear magnetic 


resonance absorption line. The observed shapes may be compared with 


values calculated from theory. A line which is broad below a rotational 


transition will become narrow above the transition. However, a line may 


become narrow owing to flipping of methyl groups over the barrier hindering 


rotation, Also, as in the case of methane, the arrangement of the proton 


spins in the non-rotating form may be such as to produce a line so narrow 


that the rotation of the molecule above cannot produce significant narrowing. 


Thus, the shape of the nuclear magnetic resonance line is not always as 


obvious a criterion of rotation as the dielectric constant. The method of 


nuclear magnetic resonance has the advantage that it can be used with non- 


polar molecules and that the measured line shape can be compared with one 
calculated theoretically on the basis of postulated models. Table ] sum- 
marizes the transition temperatures and the nuclear magnetic resonance 


line width for a number of solids. 


Self-diffusion in plastic crystals and its origin 


Comparison of measured line shapes with those calculated from theory 


has shown that cyclopentane after passing through the lower transition 


undergoes self-diffusion in the crystal, as well as rotation, whereas carbon 
tetrafluoride shows no evidence of self-diffusion till the melting point is 


reached, while methane only shows evidence of self-diffusion when the 
rotating crystal is close to the melting point. In the case of cyclohexane 


the nuclear magnetic resonance shows rotation but no self-diffusion imme- 


diately above the rotational transition. Half-way towards the melting 
point only does the line narrow to values which indicate self-diffusion. 
Inspection of models makes it evident that the envelope over the general 
shape of cyclopentane is roughly an oblate spheroid, whereas for cyclo- 


hexane a similar envelope is almost spherical. The nuclear magnetic 


resonance measurements!’ on fert-butyl chloride confirm the conclusions 
from the dielectric constant measurements, namely that it is at the upper 
second order transition that most of the rotation begins. 
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The graph of heat capacity as a function of temperature for cyclopentane 
which is given in Figure 3 shows that the first transition, where most of the 
rotation sets in, is first order, as also is the second. 

It should be noted that in the usual case the heat capacity curve for a 
liquid at the melting point is considerably above that of the crystal imme- 
diately below the melting point when the crystal is a true « rystal. Thus, in 
the case of a first order rotational transition the heat capacity of the rotating 
phase immediately above the rotational transition should be considerably 
higher than that of the non-rotating phase. 

Ihe argument for this is that apparently where the transition is first order 
oblate spheroidal o1 pear-shaped molecules) rotation and migration set in 
simultaneousl\ producing a sufficiently high degree of co-operation to make 
the transition first order. Thus, the situation is similar to that at the melting 
point of an ordinary crystal. The heat capacity curve of cy« lopentane shown 
in Figure 3 is in agreement with this prediction. 

When the transition is second order (almost spherical molecules except 
for the immediate neighbourhood of the transition, the curve for the rotating 
solid is almost a continuation of that of the non-rotating solid. In the case 
of almost spherical molecules it is only rotation that sets in at the rotational 
transition. There is no translation; thus, the transition is not as sharp as 
when self-diffusion sets in simultaneously. 


4 
100 200 300 
Temperature °K 
Figure 1. The heat capacity of cyclohexane Figure 2. The heat capacity of 
tetramethylmethane 


Cyclohexane is a good example. The curve of heat capacity against 
temperature shown in Figure ] has a transition. On the low temperature 
side of the transition the abnormal rise in the heat capacity is evident, 
although not very pronounced. The striking thing is that the heat capacity 
for the solid above the transition is almost a continuation of that below. 
This is in accord with the nuclear magnetic resonance data. Comparison 
with the corresponding heat capacity curve of tetramethylmethane given 
in Figure 2 indicates that cyclohexane is similar to tetramethylmethane, 
whose molecules have a spherical envelope, and cyclopentane is not similar 
(see Figure 3 

The entropies of fusion given in the last column in Tabi: / are a striking 
confirmation of these conclusions. _Monoatomic crvstallin« solids, on fusion, 
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gain the communal entropy of R. Compounds with no rotational transi- 
tions (where rotation sets in on melting) have an entropy increase several 
times R, because they gain rotational as well as translational entropy on 
fusion. Examples are n-butane and n-pentane whose entropies of fusion 
are 8-3 and 14-0 cal “K-! mole~!. Compounds with second order rotational 
transitions have an entropy of fusion of about R, which is the increase in 
communal entropy, whereas those showing first order transitions have con- 
siderably lower entropy of fusion. When a solid is rotating, it only has to 
gain its communal entropy of fusion. If, on the other hand, the solid has 
some translational freedom as well as fully excited rotation, some of the 
communal entropy has already been gained before melting. Thus the 
entropy change is smaller than R. 


30 


160 240 320 
Ternperature °K 
Figure 3. The heat capacity of cyclopentane 
SOLID SOLUTIONS AND MIXTURES 
Systems with spherical molecules 


It is natural to expect from what has just been said about spherical 
molecules, that krypton, whose atoms have about the same atomic diameter 
as the molecules of methane, would form solid solutions with it. This is 
indeed the case. It would also be expected that the truly spherical nature 
of the krypton diluting atoms would make it easier for methane molecules 
to rotate. For pure methane, when one molecule starts to rotate it is easier 
for another molecule to do so. If krypton is present there is no similar 
rotation of krypton atoms to assist. ‘Thus, the effect of krypton should be 


cal/mole of CH, 
@ 


Cp 


8 22 26 30 
Temperature °K 
Figure 4. Methane diluted with krypton: — O%Kr; — -—7-45%Kr; ---15-60%Kr 
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to decrease the degree of co-operation and to make the transition of higher 
order than second. Eucken and Vieth!*® have studied the heat capacities 
of solutions of krypton in methane. Their results, which are shown in 
Figure 4, constitute a striking verification of the predictions. 


A further verification of the factors causing rotation in the solid state is 


obtained by examining the heat capacities of methane adsorbed on a 
surface. Steele’? has found that the transition is present in methane down 
to a coverage of two layers. At this coverage the A transition has only 
been lowered by 0-3 : his effect is understandable when one notes that 
below 17°K the heat capacities for less than two layers are considerably 
smaller than those of the systems showing lambda transitions. This means 

he molecules are rotating more or less freely in the monolayer (« lassical 


heat capacity # 2, as compared with R# for vibration). For two lavers this 
is presumably true for the outer one. The lambda point above two layers 
involves only rotation in the inner layers, which should not differ much 
from that in the bulk. 

Incomplete nuclear magnetic resonance measurements on methane!® have 
been carried out in the writer's laboratory for the purpose of supplementing 
the heat capacity data. While the accuracy of the data at the low coverages 

the data at four monolayers seem to verify the conc lusions 


leat capacities. These measurements are, of course. being 


Figure 5. Line width versu m ature for one monolayer of CF, on TiO, 

Nuclear magnetic resonance studies have been made on carbon tetra- 
fluoride adsorbed on high-area titanium dioxide’, 

In Figure 5 are shown graphs of the line width (at half the peak height 
versus temperature of the narrow and broad components of the line for one 
molecular layer on the surface. The narrow component is due to rotation 
which does not cease above 20°K. This confirms the fact that in order to 
prevent rotation at any temperature a full complement of nearest neigh- 
bours in all three dimensions as in a crystal is necessary. A full comple- 
ment of neighbours in a plane will not do. This confirms results obtained 


for diatomic gases at Oxford!®. 2°, 


Carbon tetrachloride and tert-butyl chloride form a continuous series of 
solid solutions with a minimum in the melting point diagram at 50 mole- 
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per cent. The rotational transition for the 50 mole-per cent solid solution 
is at 231°K which is above the upper rotational transition of tert-buty| 
chloride, as well as above the rotational transition of the carbon tetrachloride. 
In this case there is no reason to expect that rotation of either component 


would be easier in the mixture. The fact that there is a minimum in the 
melting point diagram at 50 mole-per cent would lead one to expect a some- 
what closer packing in the rotating solid solution than in the rotating crystal 
of either component and hence a somewhat higher temperature for the 
rotational transition. 


Systems with non-spherical molecules 

Two binary systems involving non-spherical molecules have been inves- 
tigated, namely: (A) 2,2- with 2,3-dimethylbutane?? and (B) 2,2-dimethyl- 
2!, 


In the case of the first of these systems there is a maximum in the melting 
point diagram at 0-40 mole 2,3-dimethylbutane and 0-60 mole 2,2-dimethyl- 
butane. This mixture has a sharp melting point and presumably indicates 

I 
some preferred crystal arrangement (complex). 

The heat capacity** is shown in Figure 6 along with the N.M.R. line width. 
The melting point is sharp. Below the melting point the heat ca yacity 


curve resembles that of a glass, there being a slight peak after the rapid 


rise in heat capacity characteristic of the softening of a glass. This peak 
is accompanied by a decrease in N.M.R. line width from 8 to 2 gauss. The 


entropy change on melting is** 1-61 cal/°K per mole of mixture (i.e. 0-40 
mole 2,3-dimethylbutane and 0-60 mole 2,2-dimethylbutane). This is 


considerably higher than the normal entropy of fusion of either component. 


On the basis of the qualitative correlation of the pure components one would 
suspect that the rotational! transition would be second order. Unfortunately 
no rotational transition is observed owing to the supercooling to a glass. 


Line width 


i 
> 


100 200 
Temperature °K 


Figure 6. Heat capacity and N.M.R. line width of 0-4 mole 2,3 dimethylbutane and 0-6 
mole 2,2-dimethylbutane: — heat capacity; line width 


The data on the 2,2-dimethy lbutane-cyclopentane system definitely 
confirm this conclusion. In this system there is a maximum in the melting 
point curve at 0-33 mole 2,2-dimethylbutane and 0-67 mole cyclopentane. 
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Phe heat capacity™ curve for this mixture is shown in Figure 7. Here again 


the melting point is sharp. There is no tendency to supercool, and the 


rotational transition can be observed. In place of the two transitions for 


each component there is a single transition at 83°K. This transition is 


second order Che entropy of fusion is 1-45 cal/“K per mole of mixture 


0 mole 2.2-dimethvibutane and 0-667 mole cv: lopentane). This is 


considerably higher than the molal entropy of fusion for cither of the 


The width of the N.M.R. line as a function of temperature is also shown 


in Figure 7 [here is a narrowing from 12 G to 3 G at about 65 K.. where the 
abnormal rise in heat capacity preceeding the transition starts. This value 
ol ts | tne rder of that expected lor rotating molecul with fixed 


1¢ melting point that the line narrows to | G, 


@ 
Line width 


degrees below the 


wither ene nal ste it there some sort ol 
ed unit mpiex wie of 2.2-dimethyibutane to 2 moles ol 


does cither com- 


ponent Dhis unit wv d be expected to have high symmetry. to rotate 
with such case This n keeping with the fact that the transition is second 
order Ihe fact that the average entropy of fusion is nearer R per component 
molecuic than that for either component means that the 2,2-dimethylbutane 


nal entropy on 


melting. I} indicate ttle seil-diffusion in the rotating crystal. in 


keeping with the N.M.R. data In molecules with almost spherical 


envelopes there is little self-diffusion. 
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ORDERING TRANSITIONS IN SYMMETRICAL 
MOLECULES 


Epcar F. Wesrrum, Jr 


Department of Chemistry, University of Michigan, Ann Arbor, Michigan, U.S.A. 


INTRODUCTION 


Since Pauling’s' original suggestion that certain types of solid-—solid transi- 


tions might be explained by the onset of rotation in the crystalline state, 


many investigations have been carried out in an attempt to determine the 


nature of the mechanism of such transitions. Although originally the 


rotational freedom was attributed only to relatively simple molecules, 


Smyth*. *, through extensive investigations of the dielectric constants of 


compounds showing transitions, extended Pauling’s view to include many 


larger and more complex molecules. 


Perhaps the most extensive investigations have concerned the transitions 


in the ammonium halides. Apart from methane and some diatomic 


molecules, which are extremely difficult to study experimentally because 


of the low temperatures necessary for investigations, these compounds were 


considered to have the greatest probability of rotation in the solid state? *, 


Recent neutron diffraction investigations on the deuterated ammonium 


halides*. °, however, indicate that these transitions are explained as well by 


an order-—disorder type of mechanism as by a rotational one*, Examination 


of the data for other compounds having solid—solid transitions shows that 


the results of experimental work in general neither prove nor disprove the 


existence of rotation in the solid state, but are equally consistent with the 


order—disorder mechanism for the transitions. Precise treatment of specific 


solid-solid transitions is greatly hindered by lack of accurate structural data, 


especially in the low-temperature region. These compounds are examples 


of relatively simple transitions because of the symmetry features of the 


ammonium ion. 


In solid-solid “ pseudo-rotational ” transitions in general, however, the 


structures, both molecular and crystallographic, are so complicated that no 


adequate correlation has been demonstrated between the isothermal 


entropy increments and structure changes at the transition temperatures. 


In transitions involving more complex molecules, the factors to be considered 
are apparently more convenient to study because of the larger number of 


possible comparison compounds which may be synthesized. 


Two types of symmetrical molecules were considered to be of special 


interest at the outset of our researches on this interesting problem. Pro- 


fessor Isamu Nitta directed our attention to his extensive studies on pentaery- 
thritol and to the pseudo-rotational problem in general. Dr Donald H. 


Payne (now of E. I. du Pont de Nemours) collaborated in this work and com- 
pleted his doctoral thesis on compounds of the general type C(CH,X), 
(where X may represent halogen or hydrogen atoms, or hydroxyl groups). 
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Solid—solid transitions have been studied in neopentane, C(CH,),, by 
Aston? and in pentaerythritol, C(CH,OH),, by Nitta*-": the latter com- 
pound has a remarkably high entropy of transition. Comparison of the 
symmetry features of the high-temperature cubic modification of pentaery- 
thritol with the symmetry features of neopentane, C CH,),, suggested that 
the symmetrical tetrahalide homologues of pentaerythritol would be 
interesting compounds for investigation. Although no transitions were 
reported in the literature for pentaerythrityl chloride, bromide, or iodide, 
synthesis of the pentaerythrityl fluoride, C(CH,F),, was expected to produce 
a compound showing a low-temperature transition with a transition entropy 
increment intermediate between that of pentaerythritol and that of neo- 
pentane. Although the transition in pentaerythritol occurs at 180°C, the 
fluorine analogue should have a transition in the relatively low temperature 
region (below room temperature) because of the absence of the strong hydro- 
gen bonds present in pentaerythritol. 

Che primary purpose of the problem investigated by Dr Payne, therefore, 
was the study of the low-temperature thermodynamic properties of the 
pentaerythrityl fluoride relative to the nature of the transitions occ urring in 
the general compounds C(( H.X),. By measuring the entropy for the 
predicted transition in this compound it was hoped to provide data for 
comparison with pentaerythritol and neopentane relative to the mechanism 
of the transitions in these compounds, in addition to the possible indication 
ol a more general correlation applicable to this type of solid—solid transition. 

Compounds of a second type are being studied by Mr Shu-Sing Chang. 
These are the unusual globular molecules such as the hvdroc arbon adaman- 
tane (A), hexamethylenetetramine (B), and related organic molecules with 
nitrogen, sulphur, oxygen, and phosphorus substituted into the cage structure. 


These compounds are characterized by extremely high melting points for 
organic solids (e.g., 270°C for adamantane and probably by low entropy 
increments on fusion. Moreover. from the point of view of the chemist, 
the loss of the high symmetry factor in compound or complex formation 
provides an additional driving force in chemical reactions. An energetic 
transition was discovered at 208-6°K in adamantane soon after a synthetic 
method for the preparation of this substance became known to us. 


THE CALORIMETRIC APPARATUS 


The Mark I cryostat for use over the range 4°-350°K was an improved 
version of one constructed by Westrum, Hatcher, and Osborne?2. Liquid 
helium was used as the lowest temperature refrigerant, and a thermal con- 
duction resistance (called the “* economizer ”’) was provided to take advantage 
of the relatively large cooling potential of the enthalpy of gaseous helium 
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(compared with the heat of vaporization). The adiabatic method of 
operation was employed. 

The gold-plated copper calorimeter (Laboratory Designation W-6) used 
for the pentaerythritol derivatives was 3-8 cm in diameter and 7-7 cm long 
with a shell thickness of 0-4 mm. Eight radial vanes of 0-1 mm copper foil 
aided in establishing thermal equilibrium. A _ re-entrant gold-plated 
copper heater well contained a platinum capsule-type resistance thermo- 
meter, calibrated by the National Bureau of Standards, within a cylindrical 
copper heater sleeve carrying 160 ohms of B. and S. No. 40-gauge Advance 
(constantan) double-fibreglass insulated wire, which was wound bifilarly in 
double-threaded grooves and cemented in place with “ Formvar”. Calori- 
meter W-6 differs from the usual calorimeter in that a special Monel neck 
of 15 mm diameter partially isolates the actual lid from the copper calori- 
meter, and thus allows the lid to be soldered in place with “Cerroseal” 
solder without appreciably heating the calorimeter or the samples which are 
placed therein. Calorimeter W-9, used for the adamantane-like compounds, 
is essentially similar, except that only four vanes are employed. The 
calorimeter was also tested by measuring the heat capacity of a standard 
sample of benzoic acid. 


RESULTS OF THE CALORIMETRIC INVESTIGATIONS 


Table 1 provides a summary of the 298-15°K values of the molal heat 
capacities and thermodynamic functions of the five C(CH,X), compounds 
studied. Details of the preparation, purification, and characterization of 
the samples used in these investigations will be reported in a subsequent 
publication. 


Although little of unusual nature was manifest in the other four compounds, 
a sharp lambda transition of considerable magnitude was found at 249-40°K 
in C(CH,F),, with a heat of transition of 3157-5 + 2-3 cal/mole and a 
molal entropy of transition of 12-7 cal “K-! mole~!. The data are also 
presented graphically in Figure /. 


60 
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Figure 1. The heat capacity of pentaerythrityl fluoride 
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Table 1 Thermodynamic functions at 298-15°K for the crystalline solids (in cal “K-} 
mole~! 


17-34 23-16 


5-51 

((\CH,F), 50-80 69-35 31-33 
C(CH,Ch, 17-44 61-54 32-22 
C(CH,Br), 51-10 69-58 39-45 
49-64 75-70 


For adamantane, a sharp lambda-type transition involving 3-9 e.u. was 
found at 208-6°K. At 298-15°K the heat capacity, entropy, enthalpy 
increment, and free energy function are 45-46 cal “K-! mole-!. 46-80 cal 


mole~', 7270 cal/mole, and — 22-42 cal mole~, respectively. 


DISCUSSION 


Perhaps the important group of transitions which result primarily from 


an onentation of the molecule itself within the crystal structure may loosely 


be described as * pseudo-rotational ” in nature. Only such transitions 


are presently under consideration. That volume increments. elc., may 


also result from such transitions is, of course. evident. Be fore attempting 


to interpret the data concerning the « ompounds investigated in this research, 


and the data available from other sources, it is desirable to considet first what 


type of relationships should be expected from “ pseudo-rotational ” transi- 


tions in general. 


The fusion phenomenon has been discussed by several authors!®: ™ who 


have shown that the correlations existing between fusion entropy increments 


are not as clear as would be desired. For elements or simple molecular-type 


compounds, the entropies of fusion generally lie between | to 3 e.u. The 


entropies of fusion for specific families of elements or classes of compounds 


existing in the same lattice classification can generally be compared favour- 


ably within 0-3 to 0-4 e.u., while the comparisons differ more significantly 
for such elements or compounds in different lattices. 


Ihe disagreement observed in the fusion entropies of similar elements or 


analogous compounds has generally been attributed to one factor". The 


lattice structure of any crystal system is dominated by a high degree of long- 


range order, if the crvstal imperfections are not serious. In the process of 


fusion, the long-range ordet disappears in favour of a so-called short-range 


order, which is characteristic of liquids in general. Unfortunately. the 


short-range order attributed to liquids is apparently not uniform for all 


liquids, in contrast to the essentially identical degree of long-range order in 


the crystalline solids. The degree of short-range order is apparently 
dependent on the size and shape of the atoms or molecules in the liquid 


state, and on the forces arising from the nature of the element or compound 


in question. For a homologous series of compounds or a chemically similar 


series of elements, the discrepancies in the fusion entropies are usually not 
greater than 0-4 e.u. 
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Although solid-solid transitions, in contrast to solid—liquid transitions, 
may involve changes of lattice types, or orientational changes of particular 
molecular or ionic groups within the crystal, or both, the over-all degree of 
long-range order of the crystal structure, in general, persists both before 
and after the transition. Therefore, the type of entropy discrepancies attri- 
buted to differing degrees of order in the liquid state should not appear in 
the factors contributing to the entropy change found in low-temperature 
transitions. Consequently, in the “ pseudo-rotational ’’ transitions, the 
entropy associated with the change occurring in the symmetry features of 
the structure, both molecular and crystallographic, should be in agreement 
with the entropy calculated statistically from the change in the number of 
symmetry features involved in the transition. Support for this hypothesis 
is a goal of this research. 


Nitta’s interpretation of pentaerythritol 


On the assumption of the above hypothesis, Nitta’s treatment of the 
mechanism of the transition occurring in pentaerythritol™ originally led to 
interest in the pentaerythritol transition. It is worthwhile to consider 
Nitta’s approach to the problem before discussing the correlation with 
experimental results obtained in this laboratory. 

First of all, the possibility of complicating positions of the hydroxyl 
hydrogen atoms in the hydrogen bonds due to a double minimum type of 
bond is neglected, and the configurational entropy of the low-temperature 
tetragonal phase of pentaerythritol is assigned the value zero. In the high- 
temperature cubic phase, however, the configurational entropy due to 
hydrogen and oxygen is of primary importance and must be taken into 
consideration. ‘To estimate the entropy due to the hydrogen and oxygen, 
Nitta assumed, for convenience, a relatively simple model. Assuming 
three potential minima for a hydroxyl hydrogen atom rotating about a 
carbon-—oxygen bond, as in the case of methanol, and also assuming that 
each such hydrogen atom is in motion independent of the motions of the rest 
of the molecule, the contribution due to the hydrogen atom positions is 
4 R\n3. Each of the oxygen atoms is also assumed to have three potential 
minima about the carbon-carbon bond. However, the positions of the 
oxygen atoms in the molecule, where the oxygen atoms have very near 
approach to each other, are considered unlikely, and are omitted from calcu- 
lation. Thus Nitta considers it possible that, in the cubic phase, there are 
three relatively stable configurations for the molecule as a unit. Each of 
these configurations has three orientational possibilities and a value of 
R In9 is assigned for the configurational entropy due to the oxygen atoms 
in the molecule. Taking further into account that the crystallographic 
data indicate that the —-CH,0— tetrahedra have two configurations, Nitta 
assigns an additional factor of R In2 for this effect. The total configurational 
entropy of the cubic phase due to hydrogen and oxygen is then, according 
to Nitta, R In9 + Rin2 + 4 = 14-47 e.u. 

The entropies of transition and fusion of pentaerythritol are, respectively, 
22-8 and 3-2 e.u. These were added and the entropy of fusion of pentaery- 
thrityl bromide, 12-69 e.u., was subtracted, and the resulting value (13-3 
¢.u.) was compared with the configurational entropy of 14-47 e.u. calculated 
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above. Nitta states that “ the agreement is rather unexpectedly close, for 


it ws evident that the above estimation has been carried out in too simple a 


lasmion ... . A disagreement of |-1 ¢.u. is, however, greater than would 


be anticipated on the basis of the hypothesis discussed, if the proper mech- 


anism had been employed. 


Interpretation of pentaerythrity! fluoride 


\t the time this research work was initiated, only two symmetrically 


sir ir comparison substances neopentanc, ¢ H, and the tetramethy! 


ester of thocarbome acid, C\SCH,),, had been investigated. Extensive 
nes Carrica it on these compounds showed a low-temperature transition 
the neopentanc, and two transitions below the melting point in the 

t? ' ate Although these two o mpounds are structurally similar to 
pentacrythrit it was felt that a more ideal comparison substance would 
be nd by synthesizing and investigating the properties of pentaerythrity! 
f le Because of the proximity in size of oxvgen and fluorine, it was 
sted that t mpound would show a transitional behaviour similar 

ythrit except flor the contributions of the hydroxyl 


na pentacrythrity! fluoride have the same 


ul size, oxveen and fluorine will occupy 


pos in resper tive molecules in the high-tempera- 


pentacrythrit naicate that the best agreement \ thy the experi- 

ent cata iMained if the ( HO tetrahedra are al wed to have 

| ct | uit of phase tive trier For these two 

ct ip tive HA) tetrahedra are tw independent 


wntacry- 


ncrement 


cifierence wm the cak ated value for the 


The 


ated value 


Further interpretation of C(CH,X), molecules 


I rey Aa weested it m Dpossibic to account 


or the Tring im the Muorwe Since the ntribution due to 
the hvdrox nvarowen atoms uw pentacrythiritol has been climinated, 
a general mode! may be used for consideration of the fluoride. since it is 
a pentacrythritol-like molecule without the hydroxy! hvdro- 
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ORDERING TRANSITIONS IN SYMMETRICAL MOLECULES 


Fischer—Hirschfelder models show that there are seven independent 
molecular structures for pentaerythritol resulting from all possible orienta- 
tions of the oxygen atoms, but neglecting the positions of the hydroxyl 
hydrogen atoms. These seven molecular forms are shown in Figure 2. All 
of the molecular forms except I and II involve oxygen-oxygen approach, 
which is much too close to allow stability. I and II and the enantiomorph 
of II, however, are models where all oxygen—oxygen distances are large. 
Therefore, these are considered to be the only three stable molecular forms. 


Vil 


Figure 2. Seven molecular structures of pentaerythritol 


The indication that two sets of positions are possible for the —-CH,O 
tetrahedra in pentaerythritol may logically be extended to the CH,F 
tetrahedra in the fluoride. These two sets of positions can be conveniently 
described as “ staggered " or “ eclipsed ” relative to the skeletal carbon- 
carbon bonds. No proof can be offered, of course, at the present time that 
the equilibrium positions do not deviate from these arbitrary choices. 

Consider that all the tetrahedra occupy the same set of positions. By 


reasoning analogous to that employed on pentaerythritol, it is concluded 
that only three distinct, stable molecular forms exist wherein close approac h 
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of the fluorine atoms to each other is not involved. It is assumed, but not 
demonstrated, that in single molecules in which some of the CH,F 


tetrahedra oc« up’ different sets of positions, two stable molec ular forms will 
also exist If each 


then, for fou 


CH,I tetrahedron can occupy two sets ol positions, 
wr such tetrahedra, the number of configurations of the molecule 


im the crystal due to these orientations will be 24. For each one of these 2* 
molecular configurations, there will be upon neglecting the positions of 


closest approach for the fluorine atoms. three distinct stable molecular forms. 


as assumed above. due to the presence of the fluorine atoms in the molecule. 


Therefore, there are 3 2* stable oriented molecular structures possible in 
the high-temperature phase. The entropy contributions due to these 
lactors are, therefore, R In3 for the presence of fluorine in the molecule and 


+ Rin2 for the orientational possibilities of the CH,F tetrahedra. 


cal “mole” 
- 


4 Rin 3:8 7% 
R in 22138 pension 
| alc 
Rin ‘Meas 228 
e 0 356 Transition 
Meas 4 39 transition 
“4 Cale. 1263 
in 22551 — 
+ 
w 
221 
of R in 3=2 18 


C(CH,),  CICH,F), C(CH,OH), 


Figure 3. Entropy diagram 


In addition to these factors. there are two orientational possibilities for the 


central CC, tetrahedron itself. Since one of the four-fold axes of this 
tetrahedron lies on a principal crystallographic axis of the cubi phase, 
the molecule as a whole may be rotated about this axis by 90°, effectively 


inverting the orientation of the CC, tetrahedron. 
term of RiIn2 must be added for this effect. The total entropy calculated 


thus far for the transition in the fluoride is 6R In2. 
In order 


Cx msequently & 


to make further comparisons, it is necessary to consider the 
neopentane transition. The transition at 140°K as measured by Aston and 
Messerly’ involves an increment of 4-39 e.u. 


The heat capacity does not 
change 


significantly upon transition, suggesting that there is no change in 


the molecular structure during the transition. Consequently, the 4-39 e.u. 
must 


arise from orientational possibilities, changes in crystal struc ture, and 
volume increment effects. If we are permitted to deduct arbitrarily 0-83 
as a difference occasioned by the disparity in molecular size for the two 


latter effects, then the orientational part of this transformation amounts to 
3-56 


e.u, 


e.u. It is considered that the similarities between neopentane and 
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ORDERING 


pentaerythrity! fluoride are great enough for the fluoride to exhibit all 
entropy terms found in neopentane in addition to the terms which may be 


calculated as due to the nature of the fluoride itself. 

The total entropy change for the transition in the fluoride may, therefore, 
be considered to be the sum of the following entropy terms: 3-56 e.u. for 
the orientational part of the entropy increment occurring in the transition 
in neopentane; R |n2 for the orientation of the —CC,— tetrahedron in the 
fluoride; 4 Rin2 for the orientations of the —-CH,F tetrahedra, and R |n2 for 
the introduction of the four fluorine atoms into the molecule. The total 
entropy was calculated from these terms to be 12-63 e.u., in excellent agree- 
ment with the measured value for the transition entropy of 12-66 e.u. 
occurring in the fluoride. This general situation is represented graphi- 


cally in Figure 3. 
At the present time measurements are being extended to higher tempera- 
tures to include the fusion thermal effects and provide an alternative basis 


for correlation. 


Adamantane 

Adamantane was prepared by the method of Schleyer'®. The crystal 
structure was investigated by Giacomello and Illuminati!’ and by Nowacki"*. 
\t room temperature the structure is the face-centred cubic space group 
T2-F¥3m. Further single-crystal X-ray diffractional studies on the forms 
above and below the transition temperature are at present being conducted 
in this department by Professor Christer Nordman and should aid signifi- 
cantly in the statistical interpretation of the data. 


Note added in proof 


Data and correlation devised subsequently to the oral presentation of this 
» 19, 2 


paper on these and related molecules are presented elswhere 
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PRE-FREEZING AND PRE-MELTING 


A. R. UsBELoOHDE 


Department of Chemical Engineering and Chemical Technology, Imperial College of 
Science and Technology, London, S.W.7, U.K. 


When attempts are made to interpret the solid—liquid transition in terms 
of molecular structure, highly significant information can emerge from 
phemomena of pre-melting and pre-freezing. Empirically, on approaching 
the transition between solid and liquid, characteristic parameters of the 
phase under examination may show an accelerated rate of change, in the 
sense of a premonition of the change due to take place at the transition point 
itself. It is convenient to consider separately thermodynamic parameters 
such as the heat content, the volume, and derived quantities, and rate 
process parameters which have included critical shear strength and diffusion 
for the solid, and viscosity and other transport parameters for the melt. 
In certain cases many other methods have become available in recent years, 
especially in studying pre-melting. 

Depending on the nature of the crystal, thermodynamic phenomena of 
pre-melting may be very prominent, or almost imperceptible. Prominent 
examples with various crystal structures include heat content and volume 
changes in polymethylene compounds!: 2, heat content change of lithium 
fluoride* and alkali metals‘, and thermal expansions of silver halides®. 
When only thermodynamic measurements are available, rigorous care 
is always necessary to eliminate a quite trivial effect known as “ hetero- 
phase pre-melting ’’. This arises from a small mole fraction n/N of impurity 
when this is not soluble in the crystals but is soluble in the melt. Theory 
shows that the excess AQ of volume or heat content change, which arises 
from actual formation of small amounts of liquid at a temperature 7 


below the limiting melting point 7;°, in such cases is related to the total 
change AQ” by the equation 


AQ*/AQ = — T)/nk 


where A is the cryoscopic constant. 

By graphical integration, AQ can be evaluated from a plot of dAQ/dT. 
This permits two direct tests of heterophase pre-melting; if this pre- 
dominates, a plot of 1/AQ against 7 should give a straight line, and its 
slope .V/n permits evaluation of the fraction of impurity causing heterophase 
pre-melting. 

By these tests it is readily seen® that the marked pre-melting of potassium 
thiocyanate, for example, cannot be due to hetero-impurities, since these 
would have to be present to the extent of 3-5-7 per cent to account for the 
pre-melting observed, and furthermore do not yield a straight-line plot. 
It is significant that a plot of log AQ against 1/7 gives a straight line for 
this salt, suggesting that its pre-melting is associated with homophase lattice 
defects obeying a law 


n|N =C exp — E/RT 
251 


=. 
= 
: 
a 
a, 
: 


\. R. UBBELOHDE 


Its slope with E~ 58 kcal mole is suggestively near to the energy required 
to create lattice defects of about 47 kcal/mole, as estimated from conductance 
measurements on the solid. Quite apart from these calculations, after 
careful purification any likely impurities are retained in solid solution and 
have a homophase effect on pre-melting, through the lattice defects they 
introduce. Such impurities can even be added deliberately; small amounts 
hardly affect the curves obtained!. 

Another way of studying pre-melting where there is a marked change in 
heat content of the solid on approaching the melting point, is by precision 
cryoscopy. The solute added must not form solid solutions in the crystals. 
On progressive addition the freezing temperature falls, and the crystals 
separate with rapidly changing heat content; this becomes apparent by a 
changing cryoscopic constant. Tests on polymethylene hydrocarbons have 
been described by Oldham and Ubbelohde’, and on potassium thiocyanate 
by Rhodes and Ubbelohde’. 

Non-thermodynamic techniques include ionic conductance and diffusion 
measurements on silver salts. Pre-melting effects run parallel with thermo- 
dynamic findings®. Optical measurements reveal pre-melting due to onset 
ol rotation, for example in benzene®-"; dielectric measurements have been 
used to follow pre-melting in polymethylene ketones!*, Ultra-violet 


absorption spectra confirm true homophase pre-melting of potassium 


thiocyanate, Mechanical effects include a marked decrease in the plastic 
elastic limit of crvolites on approaching their melting point, but theories 
underlying such effects have not yet attained sufficient confirmation to 


provide useful guide s about struc ture. 

\ll these premonitory changes in the solid state have no obvious explana- 
tion in terms of the classical Phase Rule concept of melting as a transition 
betwee completely independent solid and liquid phases. The changes 


resemble A-point phenomena in solids, which have been given an inter- 


pretation in terms ol smearing of the transformation and the co-existence 


of domains of alternative structure in hybrid crystals“ '*. Related to this 
an early theory about “ heterophase fluctuations "'’, However, two 


important considerations about melting make its relationship with a \-point 
transformation only rathes superficial : 

In all known cases, even when premonitory effects constitute a 
substantial fraction of the total change on passing from the solid well below 
the melting point, to the melt, there always is a discontinuous jump from 
solid to liquid at a melting poimt in properties such as the density. In other 
words, melting always is a discontinuous phase change, even if the two 
equations of state begin to approximate by a rapid change of slope before 
they actually intersect. 

It seems possible that at sufficiently high pressures a continuous transition 
from solid to liquid might be attained. Theoretical arguments for and 
igaimst a critical point for solid liquid, by analogy with the well known 
critical point for solid—gas, have not yet reached finalitv'®. The existence 
of marked pre-melting is an important consideration in such cases. 

il In ordinary \-point phenomena, on both sides of the peak the 
crystals show long-range order; in the transition region the solid is a hybrid 


of domains of both kinds. However. since liquids do not show long-range 
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order, “ heterophase fluctuations ” involving a hybrid of solid and liquid 
offer no advantage as a model to explain pre-melting over the concept of 
* co-operative defects ” in the crystals. For co-operative defects the energy 
of formation no longer remains independent of neighbouring defects, 
because their concentration is too large. For examples in relation to pre- 
melting see Oldham and Ubbelohde’; there are no doubt many other types. 

When pre-melting is due to the onset of “ rotation ” of some kind in the 
crystal, as may be the case for many molecular crystals, suitable additives 
in solid solution can lower the potential barriers hindering this disorder and 
thus enhance the pre-melting. Tests on benzene crystals have been 
described by Thompson and Ubbelohde!’. 


PRE-FREEZING IN MELTS 

By analogy, the explanation of pre-melting as arising from co-operative 
defect formation in the crystals suggests that in liquids pre-freezing may 
involve incipient development of long-range order of some kind. Such 
incipient ordering of the molecules is conveniently described as ‘“* clustering ”’, 
and is likely to be favoured by certain molecular shapes, such as rods or 
plates. Most important is the fact that in pre-melting, the co-operative 
defects arise in a specific crystal structure. On the other hand, clustering 
of molecules in a melt can involve various alternative forms of incipient 
ordering. Usually no kinetic obstacles prevent all possible types of cluster- 
ing from being realized simultaneously in the melt when the temperature is 
sufficiently low. On this model of a melt, pre-freezing involves increasing 
concentrations of the whole diversity of realizable clusters, dissolved in 
monomer. ‘Transport properties of melts can give a sensitive indication of 
the presence of such clusters. For example, some polypheny! molecules?® 
such as p-terphenyl give melts with excellent straight-line polts of the 
relationship 


log = A+ B/T 


where 7» is the viscosity. 

Other closely related polypheny! hydrocarbons such as o-terphenyl give 
evidence of very extensive cluster formation as the freezing point is approached 
and readily supercool to extremely viscous melts*!, Extensive interlocking 
of the molecules into clusters accounts for the pre-freezing. When the 
liquid flows, these clusters behave like colloidal particles and the viscosity 
7 can be written according to the Einstein formula 


nies + 2-50 + 702... 


where 7s; is the hypothetical viscosity, calculated by extrapolation, which 
the liquid would have if it still consisted wholly of monomers, and @ is the 
volume fraction of the melt occupied by the clusters*’. Figure ] gives the 
fraction ® for o-terphenyl calculated on this basis, from the experimental 
viscosity data. 

Plots of specific volume of such melts against temperature show that the 


liquid supercools and readily passes into a glass. Since this evidence shows 


that spontaneous nucleation is practically absent in the supercooled melt, 
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THE MELTING MECHANISM OF THE ALKALI 
THIOCYANATES 


Evizapetu RuHopes 


Department of Chemical Engineering and Chemical Te hnology, Imperial College of 
Science and Technology, London, S.W.7, U.K. 


INTRODUCTION 

The melting of a solid always implies a transition from a state of com- 
paratively high order to one of comparative disorder. A measure of the 
increase of disorder or randomization on melting is given by the Boltzmann 


relationship 


S; = RinW,/W., 


where W, and W, represent the number of independent ways of realizing 
the arrangements of solid and melt respectively and 5; is the entropy of 
fusion. Each new kind of disorder which occurs on passing from the crystal 
to the melt involves a new mechanism of randomization on melting. 
Ubbelohde' has summarized the different ways of randomization in the 
transition from the solid to the melt as positional, orientational, vibrational 
and configurational randomization. Other terms, which in certain cases 
can make large contributions to the entropy of fusion, are those due to the 
presence of mesomorphic states and the formation of association complexes 
in the melt®. Treating these increases of disorder as independent and 
additive, S; becomes to a first approximation: 


St 


Sorientational Svibrational Scontigurational 


Spositional 


T Sassociation 


Generally, in an ideal case the melting point is sharp and it is assumed that 
the free-energy curves for the liquid and solid phases are completely 
independent. In certain cases, however, this is not strictly true and there 
are changes in slope of the free energy curve of the solid state before the two 
curves intersect®, This phenomenon is known as “ homophase pre- 
melting ’’ and occurs whenever the structures of the two phases are very 
similar (e.g. the crystalline paraffins). 

This paper is concerned with the melting mechanism of the alkali thio- 
cyanates which are a group of low melting ionic salts such as: 


LiSCN, m.p. 237°C; NaSCN, m.p. 305°C; KSCN, m.p. 177°C; 
RbSCN, m.p. 195°C 


The following sections review the available experimental evidence with 
regard to the melting mechanism of these salts and a theory is put forward 
to account for their very low melting points. 
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ELIZABETH RHODES 
THERMODYNAMIC PARAMETERS 


Ihe potassium salt is the most stable of the alkali thiocyanates, decom- 
position starting at approximately 250°C in the melt. Lithium thiocyanate 
decomposes on heating in the solid state and sodium thiocyanate decomposes 
on melting. Table ] compares the melting points, entropies, heats of fusion 


and volume changes for the sodium and potassium thiocyanates, nitrates 


and chlorides. The entropies of fusion of all these salts are approximately 
the same, but the latent heats of fusion (H;) of the salts with spherically 
symmetrical anions (halides) are nearly twice as large as those for the salts 


with the irregularly shaped anions (nitrates and thiocyanates). The increase 


in the heat content of a salt on fusion is primarily due to the increased 


randomness of motion of its constituents (i.e. positional randomization) 


which depends on the volume increase on fusion. 


Tab le ] 


Thermodynamic parameters 


He 


Salt Ref kcal/mole 


800 7-20 b 30-0 


Nat } 7 7 
KCl t 769 6-42 6-16 23-0 
NaNO, 08 3-85 6-63 11-0 
KNO, 533 2-57 $°25 


de 


J 


KSCN 177 3-39 7-56 


The alkali halides show large volume changes on fusion, whereas for the 


other salts the volume change is small. Since 7; (the temperature of fusion 
is also small, particularly for potassium thiocyanate, and Ti H;/S;_ there 
must be additional modes of entropy uptake for potassium thiocyanate on 


melting, other than that caused purely by positional randomization, The 


Freezing point 


3 
a 


= 3°39 kcal 
~ 

» 


n=! 


40 80 12:0 
Mole fraction of KCI (10 


Figure ] Depressions of freezing point of KSCN by KCl 
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dilational changes with temperature for potassium thiocyanate are of great 
interest®, These indicate that marked homophase pre-melting occurs in 
this compound. The small overall change in volume on melting suggests 
a randomization mechanism which involves the rearrangement of a propor- 
tion of the ions into association complexes in the melt which do not require 
a large increase in volume. 

A literature search also revealed that there were marked discrepancies in 
the values of H; determined cryoscopically and calorimetrically*. Recent 
research in these laboratories has been directed to evaluating, by precision 
cryoscopic methods, the latent heat of fusion of potassium thiocyanate®. 
The results shown (Figure 1) can be interpreted if there is a transition in 
this salt in the immediate neighbourhood of the melting point. The 
dilatometric results suggest that this transformation is continuous, and that 
it occurs in the previously observed pre-melting region. 


TRANSPORT PROPERTIES 


Viscosity and conductivity measurements in molten potassium and 
sodium thiocyanates indicate that the transport properties of these salts 
are anomalous when compared with those for the alkali halides. 


Table 2. Migration parameters of melts® 


10° E,, (kcal/mole) (kcal/mole 
NaCl 3-30 9-40 1-54 6-11 
KCl 2-04 7-83 2-30 3-40 
NaSCN 1-15 4-70 4-74 0-99 
KSCN 0-34 5-72 5-85 0-98 
NaNO, 1-69 3-85 2-02 1-91 
2 KNO, 1-05 4-41 2-85 1-55 
a KHSO, 0-10 11-95 6-2 1-93 


Table 2 shows that the ratio o,/7; (o, is the conductivity of the melt just 
above the melting point) is much smaller for the low-melting salts. This, 
again, is evidence in favour of the formation of association complexes in 
molten thiocyanates. Also, at temperatures considerably above the melting 
point the ratio E,/E, (E, = energy of activation for viscous flow; E, 
energy of activation for conduction in the melt) approaches unity for the 
low melters. This can be explained if EZ, refers to large clusters of ions, 
such as occur in associated melts. Plester et al.> also found that Ey is 
greater for potassium thiocyanate at temperatures close to the melting point 
than at higher temperatures. On the other hand, E, for potassium chloride 
remains contant. If association complexes do occur in the melt one would 
expect a greater number near the freezing point, which would explain the 
higher initial value of E>. 

In transport measurements in the solid phase, there is a complex tempera- 
ture dependence. A plot shows the usual upper and lower slopes for the 
curve with changes at the crystal transition temperature (142°C). Near 
the freezing point there is a steep rise in conductivity which corresponds 
to the pre-melting region found in volume measurements’. 
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The crystallography of the thiocyanates is rather complex’, but it can 
be assumed that the SCN-ion is linear with the following bond distances®: 
S—C 1-61A and C—N 1-17A. Klug has evaluated the crystal structure of 
potassium thiocyanate at 25°C; the SCN-ions lie in parallel planes*. In 
view of the reported volume changes and crystal transition at 142°C for this 
salt, the high-temperature crystal structure is probably different; however, 
it is most likely to be one of increased symmetry. 


coefficient 


x Absorption 


Transitior 
ternper ature 


10 


Ternperature 


Ultra-violet absorption coefficient of KSCN at 23004 


Recently the melting transition of potassium thiocyanate has been studied 


by ultra-violet absorption spectroscopy, which provides a means of studying 


environmental changes with temperature’’. 


coefficient curves (Figure 2) confirm homophase pre-melting for this salt, 


Both Emax and absorption 


since marked changes in these parameters are observed before the melting 
point is reached. Evidence for the formation of association complexes in 
molten potassium thiocyanate is given by the marked rise in the value of 
the maximum absorption coefficient, compared with that found for salts 
which show simple positional randomization on melting (e.g. Lil). 


PROPOSED MELTING MECHANISM OF THE ALKALI 
THIOCYANATES 


The evidence so far available indicates that a number of modes of random- 
ization are available when the alkali thiocyanates melt. 

As in all ionic salts, positional randomization of the constituent ions is 
important for potassium thiocyanate, and orientational randomization also 
plays a part. However, it is unlikely that orientational randomization for 


SCN°- is complete, since the volume increase on fusion is too small to permit 
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free rotation. Viscosity, conductivity and spectroscopic measurements all 
point to the existence of association complexes or ion-pairs in the melt. 
The formation of association complexes would add a considerable term to 
the entropy of fusion without materially affecting the heat of fusion. This 
is confirmed by the low latent heat of fusion of potassium thiocyanate. 
The thiocyanates, in particular the potassium salt, show large pre-melting 
effects in the solid immediately below the melting point. This suggests that 
there is extensive formation of co-operative flaws in the crystalline state". 
Such extensive flaw formation would tend to increase the disorder of the 
solid state, leading to a higher energy content for the solid close to the 
melting point, which will eventually result in a smaller heat of fusion. The 
apparent crystal transition found in the cryoscopic measurements also 
indicates that the solid state is very disordered close to the melting point. 

Summarizing, it may be said that positional and orientational randomiza- 
tion occur on melting the thiocyanates and that there are also important 
contributions from the formation of association complexes in the melt and 
pre-melting in the solid. 
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NUCLEATION STUDIES ON IONIC MELTS 


E. R. Buckie and A. R. UsseLtonpe 


Department of Chemical Engineering and Chemical Technology, 
Imperial College of Science and Technology, London S.W.7, UR. 


INTRODUCTION 


Previous work on crystal nucleation in one-component melts has largely 


been confined to molecular liquids or metals. Molecular liquids have 
been studied in bulk', and in the form of clouds of droplets produced by 
condensation in supersaturated vapour*-*, Metals have also been studied 


in bulk’. *, and as droplets of microscopic size. These were produced 
9, 10 


either singly by melting small fragments or in large numbers in 


12 


emulsions!!. For some purposes it is an advantage, in studying super- 


cooling, to subdivide a sample of melt into a large number of droplets, 


thereby reducing to a small fraction the number which might contain 


impurities. In particular, only droplets free from impurities may be relied 


upon to exhibit phenomena of spontaneous nucleation. 


Apart from work on glasses, where crystallization is very slow, little 


information exists on the spontaneous nucleation of ionic melts. In spite 


of experimental difficulties due to their high melting points, work on 


inorganic salts containing simple ions seems likely to prove rewarding, 


especially in view of the additive properties of the inter-ionic forces. Central, 


Coulombic force fields are more amenable to theoretical treatment than 


those in other classes of compounds, as is evident from the considerable 


success with which they have been used to predict the lattice energies of 


ionic solids. 


A short description is given below of a new technique for studying the 


solidification of molten salts at high temperatures, together with some 


preliminary results obtained with alkali halides. 


EXPERIMENTAL 


Experiments with ionic salts are in progress in this laboratory, using a 


furnace in which clouds of melt droplets are formed in an atmosphere of 


salt vapour by intermittent supersaturation. Condensation is induced in 


an inert supporting gas by raising the temperature of a salt bead above 


that of the surroundings for a short interval, usually about 0-5 sec. The 


bead is supported on a small platinum heater coil in the roof of a chamber 


in the carbon furnace-lining. The chamber takes the form of a horizontal 


cylinder loosely closed at its ends with windows of transparent silica. 


Thermocouples embedded in the walls are used to measure the temperature 


of the gas in the enclosure. The movement of condensed particles by 


sedimentation and convection can be controlled by judicious use of the 


supersaturator so that they may be made to grow or evaporate at will 


while circulating slowly in the supporting gas. The cloud is illuminated 
by a mercury arc lamp placed opposite one end of the furnace, and the 
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forward-scattered light is viewed with a telescope at the other end. In 
this way the light reflected from single droplets can be studied, and their 
solidification detected by the onset of “ twinkling ", described below. 

The present method, in which light scattered from discrete particles can 
be observed, has certain advantages over previous techniques**, in which 
the appearance of the illuminated cloud was examined by the unaided cye. 
Some doubt exists’ as to whether failure to observe scintillations in these 
earlicr experiments was a reliable indication of the absence of solid 
particles. Care is necessary, however, even where variations in the intensity 
of forward-scattered light can be detected. Thus it has been observed in 
the present work that dense clouds of droplets under strong illumination 
show an effect which resembles the twinkling of crystals. This is due to 
the fact that neighbouring droplets move through critical positions in 
which light scattered from one reinforces that from the other. A droplet 
passing through several of these positions is thus seen to twinkle. This 
effect is nevertheless easily distinguishable from the behaviour of solid, 
since twinkling of droplets dies away as the cloud disperses, whereas crystals 
twinkle as they slowly rotate in the gas, even when isolated. 

Che aim of the present experiments is to measure the maximum super- 
cooling in clouds of various compounds by observing the temperature at 
which solidification is complete in a convenient interval of time. The 
choice of this interval is limited by the period for which individual droplets 
can be identified, and is usually about 10 sec. Before recording the 
behaviour of droplets at a given temperature any catalyst impurities are 
removed from the supporting gas by one or two preliminary condensations. 
Several successive clouds are then examined to ascertain the reproducibility 
of results. 

In all experiments carried out so far it has been possible to measure 
only the temperature corresponding to the sudden onset of crystallization. 
The rate of freezing turns out to be so sensitive to temperature that once 
it becomes detectable at all, the whole cloud solidifies in the observation 
period his kind of behaviour is quite a general experience in nucleation 
studies and provides support for the predictions of theory, while at the 
same time severely limiting its practical investigation. 

The apparently uniform frequency and intensity of twinkles from 
solidified droplets suggests that they are, in fact, tiny cubes rotating at 
about one revolution per second. Their rate of fall in the stationary gas 
indicates a particle size in the range 1-5 microns. Microsc opic examination 
of the fall-out from condensations in various alkali halide vapours confirms 
this and also shows that the crystals are of roughly cubic form. It seems 
likely, moreover, that the particles are single crystals since an electron 
diffraction study by Young and Morrison™ of sodium chloride particles 
prepared by condensation of vapour showed that these were monocrystalline 
with a normal lattice parameter. 

It has also been observed that particles at the threshold of solidification 
do not twinkle immediately on formation, delays of up to several seconds 
being typical. As practical limits to the range of observable twinkling 
frequencies are set on the one hand by the persistence of vision and on 
the other by the observation time, it would be possible in the absence of 
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further evidence to attribute the lack of twinkling either to very slow or 
to very fast rotation. However, calculations of the influence of particle 


size on rotation frequency, based upon the exchange of energy between the 
rotational inertia of the particle and the Brownian motion of the gas 
molecules, show that twinkling of crystals should be detectable for all 
particles visible with the present method. Furthermore, a stroboscopic 
technique, in which the early stages of drop life were examined in a 
periodically interrupted light beam, failed to produce evidence of rapid 
twinkling. It therefore seems that twinkling is a reliable indication of 


the presence of crystals, and that in the early stages of their existence 
particles at the threshold temperature are partly or wholly liquid. 

In addition to the onset of twinkling, further indications of the freezing 
of droplets are provided by changes in the rates of growth and evaporation. 
Whereas, for example, a large proportion of liquid droplets may evaporate 
entirely during the period of observation, especially at temperatures above 
the freezing threshold, twinkling particles are lost mainly through 
sedimentation. This behaviour forms the basis of a useful method for 


roughly locating the critical temperature of solidification, since at slightly 
higher temperatures the drop size changes so rapidly that the period of 


observation is materially shortened by distillation and fall-out. 

The observed difference in growth rates of liquid and solid particles is 
not entirely attributable to the higher vapour pressure of the liquid. 
Droplets probably have an accommodation coefficient approaching unity, 
but this is not necessarily true for solid particles. The probable mono- 
crystalline nature and cubic habit of the crystals obtained in the present 
experiments suggests that the predominant growth mechanism is one 


involving two-dimensional nucleation. Further growth of a crystal, once 
it has been formed by the solidification of a droplet, therefore depends on 
the maintenance of marked vapour supersaturation. 


RESULTS 

Some preliminary results for alkali halides are given in Table J]. In 
columns 2, 3 and 4 are listed the melting points 7;, the nucleation threshold 
IT, and the critical supercooling @. Salts of “ analytical reagent’ grade 
were normally used, without further drying or other purification. The 


supporting gas was usually argon, although its replacement by nitrogen 
made no measurable difference to the results for potassium iodide. 
Saturation of the argon at room temperature with moisture had no effect 


Table 1. Data for homogeneous nucleation in molten alkali halides 


erg/cm? dyne/cm 


110-6 


| 
4 
4 
Salt K K 
i eer Nak 1265 985 280 252 230-4 8-9 700 
ae a NaCl 1074 911 163 102 125-7 8-8 680 
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KBr 1013 850 163 69-5 100-2 9-1 750 
pay KI 958 804 154 57-0 88-2 9-1 750 
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on the critical supercooling of potassium iodide, neither was this influenced 
by using a supersaturator bead containing about 10 per cent of potassium 
hydroxide. Material obtained from large monocrystals of sodium chloride 
and potassium bromide, of the quality used in the manufacture of prisms 
for infra-red spectrometers, gave results which were indistinguishable from 
those obtained with commercial reagents. It is concluded that partial 
hydrolysis does not significantly affect the nucleation mechanism for these 
salts. Insensitivity to impurities has also been observed by Staveley: # 
in nucleation experiments with various molecular compounds. Some 
difficulty was experienced with sodium fluoride in induc ing condensed 
particles to grow to appreciable size. This may have been connected 
with the fact that clouds were noticeably polydisperse in this case. Alse 
the onset of twinkling was less distinct for sodium fluoride. 


DISCUSSION 


The critical supercoolings recorded in Table J are quite large, that for 
sodium fluoride being especially so, although there is reason to believe 
that for this salt the recorded result is somewhat too high (see below 

The interpretation of critical supercoolings in terms of the theory of 
homogeneous nucleation involves certain assumptions. The first and most 
important of these is to regard the formation of a three-dimensional crystal 
nucleus within a droplet of liquid as the rate-controlling factor in the 
solidification process. This enables one to identify the temperature of 
sudden freezing with the threshold of nucleation. The observations of 
lurnbull and Cech!’ on the freezing of metal drops indicated that this 
was plausible, and further support is provided by our own observations 
with alkali halides. Formation of single crvstals in our experiments suggests 
growth from single three-dimensional nuclei, and it follows that the growth 
rate in the liquid greatly exceeds the rate of nucleation at the temperatures 
com erned. 

A basic postulate of the more recent theories is that the observed 
nucleation rate is governed by a stationary distribution of embryos of all 
sizes up to and including that of the critical nucleus itself. 17. Approxi- 
mate theoretical estimates for the condensation of vapours'*. !* indicate 
steady-state relaxation times of 10-5 or 10-® sec. Growth and decay of 
embryos in condensed systems are, however. activated processes and 
associated relaxation times may be much longer!*. Calculations show 
that under the conditions of the present experiments droplets can cool by 
radiative heat loss through several hundred degrees to the end temperature 
the furnace temperature) in a few milliseconds. For relaxation times 
appreciably longer than this, therefore, it is the furnace temperature which 
governs the rate-determining process of nucleation. 

The stationary embryo distribution specified by theory might not, in 
fact, be entirely realized in the present type of experiment, since the rapid 
solidification of a droplet could terminate the relaxation process as soon 
as a critical nucleus appears. In applying the theory it is therefore 
necessary to assume that the first effective nucleus forms at a late stage in 
the relaxation process. Some justification for this assumption is provided 
by the results of the calculations now described. 
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Using the supercooling data of Table J critical free energies of nucleation 
AG* were calculated from the expression of Turnbull and Fisher!’ for the 
rate / of homogeneous nucleation in pure liquids. This may be written 


I = (kT (Vom) exp (—«/kT) exp (—AG*/AT) sec? (1) 


where V is the volume of liquid, vm the volume per molecule in the liquid, 
and « an activation energy for the assimilation of liquid molecules by the 
growing embryos. A value of 0-1 sec! was assigned to J at the nucleation 
threshold. As there appear to be no data on the activation energy for 
viscous flow in supercooled alkali halide melts, which is the parameter 
usually employed for «, a middle value of 10 kcal/mole was chosen after 
considering viscosity data for the salts above their melting points?*: *, 
This seems justifiable since for uni-univalent salts ¢€ is not very sensitive 
to temperature. Moreover, values of the liquid-solid interfacial free 
energy o, calculated from AG*, are insensitive to «. The liquid volume V 
was taken as 10-" cm‘, corresponding to a droplet diameter of 3 up. A 
cubic nucleus was assumed and ojo; was obtained from 


AG* = 32 o001}(¥m/Ag)? (2) 


where Ag is the difference in free energy per molecule between the bulk 
liquid and solid phases. An approximate value for this quantity is obtained 
from the expression 


Ag = AH;6/( TN) (3) 


where AH; is the molar heat of fusion and .V is the Avogadro number. 
Equation (3) is deduced by assuming that the heat content and entropy 
changes at 7, are equal to those at the melting temperature. 

Where the necessary heat capacity data are available enthalpy changes 
may be corrected to 7, and Ag calculated from 


Ag = (AH;/T; — ACp) (4) 


In view of the shortage of data", reliable corrections can only be made for 
some of the salts studied. The values given in the table for ojo); were 
calculated using equations (2) and (3), and may be as much as 10-20 per 
cent too high. 

With these reservations, the resulting interfacial free energy o may be 
compared with the surface tension y of any melt at its nucleation 
temperature. The values of y listed in Table ] were obtained by extra- 
polating the curves of Jaeger*! to 7. On the view that the free energy 
of an interface is a measure of the extent of structural change across it, 
it is to be expected that y will exceed o. Results in Table 1 show that this 
is indeed the case for all the compounds examined excepting sodium 
fluoride. Heat capacity corrections using equation (4) in place of equation 
(3) would probably remove this discrepancy. It is also possible, as stated 
above, that the supercooling for this compound has been over-estimated. 
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Also tabulated are values for the ratio of the length A* of an edge of a 
critical nucleus to the distance d between nearest-neighbour ions in the 
crystal. A* was calculated from the thermodynamic expression for a cubic 
nucleus**; 


\* 


4 


4 F001) Um Ag (5) 


both equations (2) and (5) being derived on the assumption that edge and 
corner free energies are negligible in comparison with the total interfacial 
free energy. 


Although the values obtained for A* /d are plausible it must be emphasized 
that they merely illustrate the order of nuclear size, since the assumption 
that the nuclei are cubic may not be justified. 

The same objection does not apply to the values in the final column of 
the table, which refer to the total number .V* of ions in the critical nucleus. 
This is given by 


\* 


4 AG*/Ag ‘6 


and is calculated using equations (1) and (3). Some restriction on nuclear 
shape is involved in calculating .V*, however. since equation (6) is derived 


by assuming that o is uniform over the whole surface of the growing embryo. 


Values of .V* so calculated are also subject to inaccuracies in Ag, and it is 


estimated that for this reason absolute values of the tabulated results may 


be too low by as much as 30 per cent. Nevertheless, relatively. the sizes 


of nuclei are the same to within an order of magnitude for all the salts 
studied. A mean radius of about 25 A is indicated. 


At present, the only other evidence about the structure and size of nuclei 
in ionic melts stems from X-ray studies by Zarzycki®®, This author suggests 
that in alkali halide melts at temperatures slightly above the melting 
points there are regions about 8 A across in which the order is much the 
same as in the crystal. However this may be, present findings indicate 


that to be effective in producing observable crystallization rates, nuclei 
for alkali halide melts must be considerably larger. 


Direct calculations of the free energy of nucleation from first principles 
would be very useful as a check on the experimental findings, but for the 
large sizes of nuclei now found such calculations are not at present 
practicable. 
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IONIC AND MOLECULAR ROTATION 
IN AMMONIUM SALTS AND CLATHRATE 
COMPOUNDS 


L. A. K. Sravetey and N. G. Parsonace 


Inorganic Chemistry Laboratory, Oxford, U.K. 


It was at one time rather widely believed that certain ions and molecules 
could rotate virtually freely in the lattice containing them. It now appears 
that such almost free rotation, in the literal sense, is probably rare. The 


solids which have been most thoroughly investigated are ammonium chloride, 
bromide, and iodide. It has been established beyond doubt that in the simple 
cubic forms of these salts the ammonium ions do not rotate, being prevented 
from doing so by energy barriers of 6410, 4645 and 4100 cal/g-ion, respec- 
tively’. It is to be noted, however, that there is a considerable decrease in 


this energy barrier as the lattice dimensions increase, and the possibility 


must still be considered that in ammonium salts where the anion is large, 


symmetrical, and not too highly charged, the barrier is small enough for the 


ammonium ion to undergo something approaching free rotation at room 
temperature. Another circumstance which will be favourable to free 


rotation is if the disposition of the anions about the ammonium ion is such 


as to give only a slight energetic preference for one orientation rather than 


another. This happens, for example, in the high-temperature face-centred 


cubic form of ammonium iodide, where the tetrahedral cation is surrounded 


octahedrally by six anions. Each ammonium ion directs one N—H bond 


towards one of the anions. The barrier to one-dimensional rotation about 


this bond is, however, then so small ( < 100 cal/g-ion) that the ammonium 
ions must at room temperature undergo almost free rotation about one N—H 
bond®, 


With these considerations in mind we have studied the motion of the 


ammonium ion in several selected ammonium salts by attempting to estimate 
the contribution made to the heat capacity Cy of the salts by the rotational 


or torsional movements of the ammonium ions. All the salts investigated 


have isomorphous rubidium salts, and the lattice dimensions of the ammo- 
nium and rubidium salts differ by less than | per cent. It is therefore 


reasonable to suppose that, for a given pair of such salts, the quantity (Cp —C,) 
and the contribution to C, from the torsional oscillations of the anion will be 
almost equal. Consequently, at temperatures high enough for the lattice 


vibrations to make effectively their maximum and hence identical contri- 


butions to Cy», the quantity AC, = ( p.NH4 salt Cp. Rb salt Cint Should 
give the contribution made by the torsional oscillations (or rotations) of the 


ammonium ions (Cin is the relatively small contribution from the internal 


vibrations of the ammonium ion). We may distinguish, for convenience, 


between three possibilities for AC, (expressed per g-ion) as a function of 
temperature, 
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|) If the barrier to rotation is sufficiently high, AC p will rise to a limiting 


value of 32 This may not be reached at room temperature. An example 
of given by ammonium chloride, in which the torsional oscillation 
irequency of the ammonium ion is high (360 cm~") and AC yp at 25°C is 
st nly ~ 4-7 cal “C-'! ¢-ion™ 


2) If the barrier is so small that the ammonium ions virtually rotate 
treeiv, Af \ be IR 


# intermediate height, the ammonium ions will behave 


as re ted rotators, and with rising temperature AC, will rise toa maximum 
ind en decrease, approaching IR asymptotically 

So far in 1 iboratory, the following salts have been investigated by 
rative method: ammonium tetraphenylboron*, NH,B(C,H, 
tannichlonde NH,) SeCl, ; ammonium stannibromide*, 


provides another example of case 


mol temperature monly ~ al “¢ ‘and stull 


' S te of the large ¢ of the amions the ammonium ions do not 
‘ " tree rotation \ crystallographic study of this salt® showed 
t © t ‘ Orel ms are arranged in parallel columns, with an 
ur ! trapped between two neighbouring anions in one and the 
The ur med space in the lattice us chiefly that between 


therciore not availabie to the ammonium ions. On the 


the \C, lor ammonium stannichloride rises tO aA maximum of 
j ( ‘ ' at 180 K and by 25°C has declined to a value of 4-1 

hall-way between the extreme values of 
/ 1ik For the stannibromide the position i much the same: at 
25°C, AC, 3 cal CC! g-ion~' and is decreasing. The ammonium ion 
mn these t its therefore behaves as a restricted rotator (case (3) ). 
\mmonium stannichloride and stannibromide both have antifluorite struc- 
ture La ctant of the unit cell has an ammonium ion at its centre which 
is surrounded by four stannihalide ions. The tin-halogen bonds lic along 
or parallel to the axes of the unit cell, and each ammonium ion is surrounded 
by four tin atoms and by twelve equidistant halogen atoms. Although the 
height the enerey barrier restricting tree rotation cannot be isely 
estimated from the NM values, it must be considerably less than in the 
ammonium halides in their simple cubic forms. From quantitative con- 


siderations of the interaction between the ammonium ion and the neigh- 


pouring stannihalide ions it appears that this can only be so if the charge 
distribution in the stannihalide ion does not differ very much from zero 
charge on the tin atom and an effective « harge of | located at the centre 
of each halogen atom. It is worth noting that if, by refining the analysis 
of Cy», it becomes possible to make reasonably reliable estimates of the 


potential Darrier restricting ammonium ion rotation in salts with complex 
the aid of sufficiently accurate crystallographic data it 


le to draw conclusions about the charge distribution within 


n with 
the complex ion, since that within the ammonium ion is already known from 
work*, 

Ihe discovery of clathrates (or inclusion compounds) has made it possible 
to study the behaviour of small isolated molecules trapped in cavities in 
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lattices of almost fixed size. The best known clathrates are those formed by 
quinol. This substance can crystallize in an unstable 8-modification, in 
which there are approximately spherical cavities regularly dispersed through- 
out the lattice. There is one cavity to three quinol molecules. By produc- 
ing the 8-form in the presence of a given kind of small molecule, e.g. by 
carrying out the crystallization in the presence ol, say, argon under pressure, 
the resultant crystals contain small molecules trapped individually in the 
cavities. The proportion of holes filled can vary from a few per cent to 
almost 100 per cent in favourable cases, and the mole ules which can be so 
trapped include those of argon. krypton and xenon, numerous diatomic 
molecules, methane, sulphur dioxide, and even molecules as large as methy! 
alcohol and acetonitrile. In a sense. clathrates provide idealized examples 
of the cell model which has played such a large part in recent theories of 
pure liquids and solutions, and it is therefore of interest to investigate the 
motion of the small molecules in the cavities. We have recently made 
such a study of the methane clathrates by measuring the contribution made 
to ©, per mole of methane. In principle this can be done by measuring Cy 
for any one clathrate of known composition and also for the pure £-quinol 
itself, but although this can be prepared, it is rather unstable and it is better 
to make measurements on two or preferably more samples of different com- 
position. In order to decide whether the methane molecules are rotating 
within the cavities, it is necessary to assess ( vib, the contribution made to the 
heat capacity by the vibrational or translational movement (the “ rattling ”’, 
as it were) within the cavity. This may be done with the help of a statistical 
theory of clathrates due to J. H. van der Waals’ (which uses the cell model 
approach of Lennard-Jones and Devonshire). which enabies Cy», to be 
calculated using, inter alia, data on the intermolecular potential energy 
parameters for pairs of the small molecules. To check the reliability of the 
Cyip values calculated in this way. we have made a careful study of the 
argon clathrates, where the whole of the contribution of the argon molecules 
to ¢ p 
observed and calculated values*. An analysis of the results for the methane 


is ol course Cy», and we find reasonably good agreement between the 


clathrates on this basis shows that the contribution to be attributed to the 
rotational or torsional motion of the molecules is from ~ 150°K upwards 


' mole~!, thus leaving no doubt that in this 


constant at } R within 0-3 cal “( 
range these molecules rotate virtually as freely as gaseous molecules. Only 
an approximate analysis of the heat capacity can be made at lower tempera- 
tures, since the treatment of J. H. van der Waals then no longer applies, but 
it seems that the course taken by the rotational heat capacity of the methane 
molecules does not differ much from that cak ulated for gaseous methane. 

A similar conclusion has been reached in a different wav about the oxygen 
clathrates by Meyer, O’Brien and Van Vleck*, who. from a study of the 
magnetic properties of the clathrate at low temperatures concluded that 
rotation of the oxygen molecule is impeded by a barrier of only 127 cal/mole 
of O,, so that here again at highe: temperatures the rotation will be virtually 
free. It may therefore be expected that this situation prevails with several 
clathrates with sufficiently small molecules. On the other hand, it is known 
that the inclusion of larger molecules such as acetonitrile and methyl alcohol 
appreciably changes the lattice dimensions of the 8-quinol and therefore 
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deforms the hole, so that it may be doubted whether these molecules can 


undergo free rotation within the cavities, at least in all their degrees of 
freedom. 

One of us (N.G.P.) wishes to thank the British Oxygen Company for a Fellow- 
ship. We are also grateful to Imperial Chemical Industries Limited for financial 
assistance. 
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THERMODYNAMIC PROPERTIES OF POLAR 
SUBSTANCES: ENTHALPY OF HYDROCARBON- 
ALCOHOL SYSTEMS 


T. S. Srorvick* and J. M. 


The industrial interest in petroleum compounds has generated large 
amounts of data for both pure components and mixtures of hydrocarbons. 
These data and the general similarity in molecular structure of the com- 
ponents have made it possible to develop reasonably precise methods for 
predicting thermodynamic properties of hydrocarbons over a wide range 
of conditions. When chemically dissimilar mixtures are encountered, 
much larger deviations from ideal behaviour are observed. Further, data 
for these systems are meagre. As a result, adequate prediction methods 
have not appeared for such systems. This paper presents: (1) a method of 
correlating data for strongly polar substances, such as alcohols in the pure 
state and when mixed with hydrocarbons, and (2) experimental enthalpy 
data for the binaries and pure components in the systems benzene—ethanol 
and n-pentane-—ethanol. 

Enthalpy data for non-polar—polar mixtures over a range of temperatures 
and pressure are generally not available. McCracken and Smith’ have 
reported measurements on binary mixtures of benzene—methanol over 
extended ranges of temperature and pressure. They proposed a correlating 
procedure based upon association of the methanol. Data for one 
composition of a ternary system, n-hexane—benzene—methanol were also 
reported, 


SCOPE OF INVESTIGATION 

Enthalpies were measured for pure ethanol, benzene and n-pentane, 
and binary mixtures containing 25, 50 and 75 mole per cent ethanol in 
benzene and n-pentane. These data covered a temperature range of 250 
to 500°F at pressures from 50 to 1700 p.s.i. Additional experimental 
information was obtained in the critical region. In addition, the effect of 
pressure on the enthalpy of n-propanol was computed from the volumetric 
data of Ramsey and Young!®. 

Heat-of-mixing data of the liquids were used in order to place all mixture 
enthalpies on the same basis: pure liquid components at 77°F and their 
individual vapour pressures. The heats of mixing of Schnaible e al." 
were used for the benzene-ethanol system. Measured values for the 
n-pentane—ethanol system were not available, but were estimated to be: 
7-8, 9-4, and 8-7 B.t.u./lb. of mixture at 25°C for the 75, 50, and 25 mole 
per cent ethanol mixtures, respectively. 

The experimental results covered both liquid and vapour regions. To 
understand more about the behaviour of polar substances, the vapour data 
* University of Missouri, Columbia, Missouri, U.S.A. 
tNorthwestern University, Evanston, Illinois, U.S.A. 
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only were analysed in an attempt to develop prediction procedures for the 
enthalpy of pure alcohols and their binary mixtures with hydrocarbons. 
The methods propose a means of evaluating the deviations from ideal gas 
behaviour. 


EXPERIMENTAL 


The experimental method was the same as used by McCracken and 
Smith®. This involves the measurement of the energy transferred from 
the mixture flowing through a calorimeter to boiling “‘ Freon 11”. The 
enthalpy change between the states at the inlet and the outlet to the 
calorimeter could be calculated from the weight of “‘ Freon ” evaporated 
and its latent heat of vaporization. The mixture leaving the calorimeter 
was always cooled to a temperature within 2°F of the boiling point of the 
“ Freon”, 74°F. The exit stream was liquid at this temperature for all of 
the mixtures investigated. 


RESULTS 


The steady-state energy balance across the calorimeter, neglecting kinetic 
and potential energy changes, gives the following expression for the change 


in enthalpy of the fluid stream, 
(1) 


Correction must be made to the AH, values obtained from equation (1) 
to refer the enthalpies to the desired standard state. 

Operation of the equipment was most convenient when the inlet tem- 
perature was held constant and the pressure varied as each sample was 
taken. Each series of runs at constant temperature establishes an isotherm 
on a pressure-enthalpy diagram. The intersection of the three distinct 
curves obtained below the critical temperature represented points on the 
phase envelope. A series of isotherms would then define the phase envelope 
for the mixture. Additional data were taken in the critical region at 
constant pressure at close temperature intervals. These data were used 
to define more accurately the critical region on the temperature—enthalpy 
diagrams. 


PREDICTION OF ENTHALPY OF PURE COMPONENTS 
The equation proposed for the enthalpy deviation of the vapour from 
ideal gas behaviour is as follows: 


H* —H AH, + AHg + AHassoc (2) 


where AH, enthalpy deviation for a “ perfect fluid’ comprised of 
spherically symmetrical molecules; 


AH, the additional contribution due to the acentricity of the 
molecule ; 


AH assoc = the enthalpy deviation due to association, in the case of 
polar molecules. 
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The first two terms in equation (2) can be determined by using the 
generalized correlation of Curl and Pitzer’, since they contain only quantities 
pertaining to molecular geometry. For non-polar substances such as 
benzene and n-pentane only these terms need be used. When applied 
to polar substances the third term is also significant. For such substances 
the first two terms are determined by using the temperature and pressure 
of the associating substance and the critical constants and vapour pressure 
of the hydrocarbon homomorph. 

The third term in equation (2) is treated by supposing that association 
accounts for all orientational effects in the substance not accounted for by 
molecular geometry. A number of assumptions are made in the evaluation 
of AHassoc. Since this quantity is but a relatively small contribution to 
the value of (H* — H) in equation (2), these assumptions are not as serious 
as might be expected. The association is represented by the reaction 


nA @ An (3) 


Assuming the mole fraction of the polymers to be much less than one, the 
association effect is obtained from the individual heats of formation of the 


polymers, AH; ,,, by the sum 


(4) 


Utilizing the concept of the equilibrium constant and the van’t Hoff 
equation, the final expression for AHassoc is: 


5 AS; AH. 


n=2 


If association between pairs of alcohol molecules to form dimers can 
be represented by the same kind of hydrogen-bonding process, the heat of 
formation of the dimer should be nearly the same for each of the alcohols. 
This is shown in Table ] where the heats of dimerization for methanol and 
ethanol from various sources are listed. 


Table 1. Heats and entropies of formation for alcohol dimerization (from the literature) 


Alcohol investigated (B.t.u./lb.-mole) (e.u.) 


Methanol vapour® — 5800 
Ethanol vapour” — 6120 - 
Methanol vapour® — 5400 
Several different alcohols — 7200 
Liquid mixtures of ethanol and methanol in carbon 

tetrachloride at 45°C :¢ 


Methanol = 6340 iy 
Ethanol — 4950 — 
Ethanol! — 5000 — 16-04 


® Weltner and Pitzer"*: low pressure P-V-T7 data, vapour heat capacity data and spectroscopic measurements. 
b Barrows*: low pressure P-V-T data, vapour heat capacity data and spectroscopic data. 

¢ Inskeep and Kelliher*: spectroscopic data. 

4 Kretschmer and Wiebe': analysis of available P-V-T data for several alcohols. ; 

e Barker, Brown, and Smith' : liquid solutions of methanol and ethanol in carbon tetrachloride at 45°C. 

t Data for AH assoc Obtained from experimental data of this work. 
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This suggests a general procedure for calculating AHaccoc for various 
alcohols. The heat of dimerization would be chosen as 5,000 B.t.u./Tb.- 
mole, as obtained for ethanol, and the entropy of dimerization evaluated to 
agree with the particular alcohol. No reliable method is available to 
estimate AS;,, but average values for methanol and n-propanol can be 
obtained from the enthalpy data and equations (2) and (5). The results, 
given in Table 2, indicate the magnitude for the entropy terms. 


Table 2. The average entropies of formation for the 
dimers and trimers of methanol and n-propanol* 


ASt, 
Alcohol e.u. 


Ethanol 42-99 
Methanol 44-55 
n-Propanol 5-48 


his same procedure can be used to obtain the constants for the trimer 
and higher terms, taking AH;, 20,800 B.t.u./lb-mole as obtained for 
ethanol. The average values of AS;, for methanol and n-propanol so 


determined are also listed in Table 2. 


to calculate the enthalpy deviation from ideality for each alcohol. The 


results, when compared with the experimental data, indicate an average 


Ihe parameters listed in Table 2 were used in equations (2) and (5 


absolute error of less than 1 B.t.u.'Ib. for ethanol and n-propanol and 
2:7 B.t.u./lb. for methanol. In comparison, conventional, generalized 


correlations*-* applied to the data give average absolute errors of 5-15 


B.t.u. lb. 


PREDICTION OF ENTHALPY OF MIXTURES 


Ihe correlation for the enthalpy deviations of pure associating substances 
presented in this paper was based on isolating the effect of association 
irom molecular geometry. An extension of this procedure to mixtures is 
possible, provided an adequate method is available to evaluate the 
geometric effect of an associating substance and hydrox arbons. The total 
enthalpy deviation is obtained by adding the geometric contribution and 
the association effect. 

Phe geometric contribution to the mixture can be determined by com- 

the pure-component enthalpy deviations for the hydrocarbon and 
arbon homomorph of the associating substance. The P-V~] 
properties of hydrocarbons are represented reliably to moderate pressures 
by the v irial equation of state retaining only the second coefficic nt. Mayer® 
has shown that the second virial coeffi rent for a binary mixture is related 
to the pure component coethcients by the expression : 


Bo = + 2x,x,B,, 4 
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When the enthalpy deviation with pressure is calculated for the mixture, 
a similar expression is obtained for the relationship between the mixture 
and pure component enthalpy deviations. 


AHm = x{4H, + 2x,x,AH,, + AH, (7) 


Equation (7) can be evaluated for the mixture by calculating AH, 
for the hydrocarbon homomorph of the associating substance and AH, for 
the hydrocarbon in the mixture. The generalized correlation of Curl and 
Pitzer? was used for this calculation. The geometric mean VAH,AH, 


was employed to evaluate the interaction parameter, AH). 
Adding the association effect, AHassoc, to the geometric contribution 
gives the following expression for the total deviation from ideality: 


AHina = x2\H, + + + AHassoc (8) 


In applying this equation, AHassoc may be obtained from equation (5), and 
the quantity x, may be taken as the mole fraction of the alcohol in the 
mixture. As in the case of correlating the pure component data, this is 
equivalent to assuming that the extent of polymerization is relatively small. 
Equation (8) was used to calculate the enthalpy deviations for the benzene— 
ethanol, n-pentane—ethanol and benzene—methanol mixtures. 

Comparison with the measured results indicates an average absolute 
error less than 3 B.t.u./Ib. for all mixtures. Also, the results are generally 
consistent and more accurate than those obtained from the generalized 
correlations using pseudo or true critical constants. The advantage of 
equation (8) as a predicting procedure is that it does not require mixture 
properties. ‘The necessary interaction parameter, AH,,, is calculated from 
the pure component data. 


Notation 
B Second virial coefficient 
Enthalpy at any pressure; smoothed enthalpy data 
Latent heat of vaporization 
Total pressure 
Universal gas constant 
Entropy 
Absolute temperature 
Weight 
Mole fraction 
Compressibility factor, z = R7T/PV 
Superscripts 


° Ideal gas state 


Subscripts 
Critical property; calorimeter in equation (1) 
Formation; “ Freon 11 ”’ 
Geometric contribution in addition to spherical contributions 
Mixture property; mixture 
Mixture containing an associating substance 
Number of monomer units in a polymer 
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TRANSFORMATIONS IN THE Ta-H AND Ta-D 
SYSTEMS 


W. E. Wattace, Per Korstap* and L. J. Hyvénent 


Department of Chemistry, University of Pittsburgh, Pittsburgh 13, Pennsylvania, 
U.S.A, 


INTRODUCTION 


Elemental tantalum is known to dissolve large quantities of hydrogen or 
deuterium. In 1940 Kelley' published heat capacity data for tantalum 
and for tantalum containing 3, 6 and 9 atomic per cent of hydrogen. Excess 
heat capacities in the temperature range 100° to 300°K were observed for 
the binary system but not for the element. Diffraction studies by Waite, 


Wallace and Craig* were carried out in an attempt to ascertain the origin 
of Kelley's thermal anomalies. This study showed that at the concentrations 
employed by Kelley the system consists of two phases: the primary solid 


solution of hydrogen in tantalum (a-phase) and a second phase (8-phase) 
approximating the composition Ta,H. Structure determinations showed 


the a-phase to be body-centred cubic. The §-phase was found to be 


similar. It is, however, slightly distorted in the c-direction so that its axial 


ratio is 1-008 and its structure is hence body-centred tetragonal. 
It now seems clear that the anomalies observed by Kelley resulted from 


the conversion of the two-phase system at low temperatures into a single 
phase (a) at high temperatures. This process is endothermal and gives rise 


to the observed excess heat capac ity. 

These results answer the question as to the origin of Kelley’s anomalies 
but pose another, perhaps more interesting, question. What is the essential 
difference between the a and £8 forms of Ta,H? The a— transformation, 
occurring at about 61°C, has been under intensive investigation in our 
Laboratory for a number of months. It has been studied by the following 
techniques: X-ray diffraction, neutron diffraction, electrical resistance 
measurements, magnetic susceptibility determinations, and measurement 


of internal friction. In addition, very recently heat capacity measurements 


have been made in the vicinity of the transformation temperature. 


PHENOMENA WHICH COULD GIVE RISE TO THE a- 
TRANSFORMATION 


Two possibilities have received consideration. One, the 61°C transforma- 
tion could be a Néel point. If so the conversion of the antiferromagnetic 
8-Ta,H into paramagnetic a-Ta,H, could be detected, at least in principle, 
by magnetic susceptibility determinations. Measurement of the suscepti- 
bility of Ta,H by Cherry and Wallace* showed a temperature-independent 


* Permanent address: Central Institute for Industrial Research, Blindern, Oslo, Norway. 
+ Permanent address: Department of Physics, University of Helsinki, Finland. 
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susceptibility in the range of the a—8 transformation and hence virtually 
excluded the possibility that the transformation is magnetic in origin. 

lhe second possibility is that the transformation is due to the rearrange- 
ment of the hydrogens in the many-fold more abundant interstitial sites. 
That this is the case has been confirmed by neutron diffraction examination 
of Ta,D. Patterns for I a,D were obtained* at 53°C and at room tempera- 
ture, 78°K and 4-2°K. The pattern at 53°C shows a unit cell identical with 
that indicated by X-ray diffraction measurements. It contains 2 atoms of 
Ta and | atom of D. The patterns at the other temperatures indicated a 
unit cell with doubled parameters so that the cell has 8 times the volume 
of the X-ray unit cell and hence contains 16 Ta and 8 D atoms. 

rhe enlargement of the unit cell immediately implies an ordering of the 
deuterium atoms at room temperature and below and suggests that the 
transition is an order-disorder transformation involving the interstitial 
hydrogens. This is also supported by measurement of the electrical resist- 
ance of a wire of Ta,H. The resistance temperature curve shows a sharp 
rise at the 8—a« transformation point. 


ARRANGEMENT OF DEUTERIUM ATOMS IN THE Ta,D 
SUPERLATTICE 

It is, of course, of great interest to determine the arrangement of the 
deuterium atoms in B-Ta,D. The first attempts to accomplish this by 
analysis of the neutron diffraction patterns were consistently unsuccessful. 
It began to appear that a fully ordered structure had not been achieved for 
any of the temperatures studied. It seemed as if some of the deuteriums 
were statistically distributed over more than one site even at liquid helium 
temperatures. This introduced a serious complication into an already 
complex problem. 

l'o ascertain the number of alternative sites available, one could make use 
of residual entropy measurements which had been under way for Ta,H in 
this Laboratory for a number of months. The residual entropy is evaluated 
by first obtaining the entropy change for the following reaction 


4 Hie) — > a-Ta,Hy 


AS for this reaction may be evaluated by appropriate vapour pressure 
measurements in the range 300—400°C. Using the known entropies of the 
elements the entropy of -la,H at 300°C is computed. From this the 
entropy of §-Ta,H at 0°K can be obtained if appropriate C, data for 
Ta,H are available. Details of the vapour pressure measurements and Cp 


determinations are given in later se tions. 

Preliminary estimates of the residual entropy indicated a value of R In 2. 
suggesting that each hydrogen is statistically distributed over 2 sites. With 
this new information a satisfactory accounting for the neutron diffraction 
pattern was made with the deuterium atoms distributed over the tetrahedral 
interstices at 1/4 1/8 0. 1/8 3 +0, 3/4 780,7/81/40,3/801 +580 1/4, 


0 5/8 1/4, 3/4 5/8 1/2. 1/2, 1/4 3/8 1/2, 3/8 3/4 1/2. 7/8 


* Deep appreciation is expressed to Dr L. J. Corliss and his associates at the Brookhaven 
National Laboratory for providing these patterns. 
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TRANSFORMATIONS IN THE Ta-H AND Ta-D SYSTEMS 
HEAT CAPACITIES AND RESIDUAL ENTROPY OF Ta,H 


Cy values for Ta,H have been determined in this Laboratory for the 
range 1-4 to 14°K (unpublished measurements of Galli, Sandmo and 
Craig*) and for 10° to 545°K (unpublished measurements of Saba, Sandmo, 
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Figure 1. Temperature dependence of the heat capacity of Ta,H: ---, atomic heat 
capacity of Ta 


Wallace and Craig®). These indicate the 8—a transformation to be consider- 
ably more complex than had been originally assumed. The results (Figures 
J and 2) indicate that there are at least two and perhaps three forms of 
8-Ta,H. The £, form exists below 37°C and f, from about 37° to 60°C. 
The double thermal anomaly at about 60°C suggests a third form, £3. 
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Figure 2. Heat capacities as functions of temperature: ---Ta; — Ta,H 
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The diffraction results indicate long-range order (with double site 
occupancy per atom) in 8,-Ta,H. Long range order is destroyed at 37°C, 
giving rise to the thermal anomaly observed at that temperature. Extensive 
short-range order (undoubtedly pairing) is retained. In this instance the 
short-range order is seemingly highly co-operative and is largely destroyed 
in 8-Ta,H at 60°C, giving rise to the pronounced thermal anomalies at that 
temperature. 

More recently final values of the residual entropy of Ta,H have become 
available. In contrast with the result suggested by the preliminary estimate, 
the final values clearly indicate that Sy, for Ta,H is — 0-13 e.u., with an 
estimated uncertainty of about 0-10 e.u. This indicates a unique arrange- 
ment of hydrogen atoms, a conclusion which contradicts that derived from 
the neutron diffraction pattern. This may signify that the arrangement of 
deuterium atoms cited in the earlier section is incorrect, but more likely 
implies short-range order (domain structure or the like) of the permitted 
occupancy in the 8, structure. Support for this notion is provided by analysis 
of the 53° pattern. This pattern (for 8,-Ta,D) is comparatively simple and 
can be interpreted with great confidence to indicate an arrangement which 
places | 8 of a deuterium atom on the average in the tetrahedral interstices 
located at 12140,12340,14120,34120,01/4 1/2, 0 3/4 1/2, 
14012,3.401 2. Superficially, this suggests a random distribution of the 
deuterium atoms over 8 sites. However, the observed configurational 
entropy of the 8,-Ta,H is about | 9 of the value expected if the deuterium 
atom were randomized over this number of sites. This indicates very 
extensive short-range order among the solute atoms. 


VAPOUR PRESSURE MEASUREMENTS 


The vapour pressure measurements show features which make them of 
interest quite apart from the issue of the residual entropy of Ta,H. The 
results indicate that one is dealing with the single-phase primary solid solu- 
tion up to the highest concentrations studied: 33) atomic per cent of hydro- 


gen. Between 2 and 20 atomic per cent of hydrogen V P is linear with 


Vu (P is the vapour pressure and .Vy is the atomic fraction of hydrogen) in 
accordance with ideal solution behaviour for a dissociating solute. This 
behaviour, known as Sievert’s law, is no longer observed either in con- 
centrated solutions or in dilute solutions. The latter deviations are expected 
and rather surprising. Upon dilution below .Vq = 0-02 the observed 
vapour pressures first increase above, and then diminish so as to fall below, 
the values expected from Sievert’s law. The data indicate a nearly constant 
partial heat of vaporization of about 9 kcal/g-atom of hydrogen for most of 
the composition range. Below .Vy 0-02 this drops rapidly to a value of 
about 5 kcal’g-atom at the lowest measured concentration. Hence the 
partial molal enthalpy of hydrogen is anomalously high in dilute solutions. 
Analysis of the data shows that this is also true of its partial molal entropy. 
These departures from expected behaviour produce the observed deviations 
from Sievert’s law. The source of the extra enthalpy and entropy is not 
yet clear. One likely possibility is that the behaviour of hydrogen in dilute 
solutions is fundamentally different from that in concentrated solutions. 
In the latter the hydrogen is known to be “ solid-like *’, that is it is localized 
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in an interstitial site for a time long compared with that required for one 
vibration. With dilution the site becomes smaller and, owing to Coulombic 
repulsion, the energy of the hydrogen becomes larger. Perhaps in suffi- 
ciently dilute solutions the energy of the hydrogen becomes sufficiently 
high for it to “‘ sublime ”’ out of the intersititial sites into the lattice, becom- 
ing “‘ gas-like ” in character. This would confer upon it extra entropy and 
extra enthalpy. Hence this type of transformation upon reducing the 
concentration could qualitatively account for the vapour pressure behaviour 
of the dilute alloys. Whether it actually occurs and is responsible for the 
observed deviations from Sievert’s law must await the outcome of additional 
studies of this system. 
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MAGNETIC TRANSITIONS AT LOW 
TEMPERATURES 


J. W. Srour 


Institute for the Study of Metals and Department of Chemistry, 
University of Chicago, U.S.A. 


INTRODUCTION 


In many crystalline substances there exists a pattern of electronic energy 
levels such that in the experimentally accessible range of temperature 
it is possible to pass from a low-temperature, completely ordered, form of 
essentially zero entropy to a higher temperature form where there is a 
nearly random distribution among several electronic states per molecular 
unit. There is, therefore, in the higher temperature form a substantial 
electronic contribution to the entropy of the crystal, of magnitude R In n 
per mole, where n is the number of electronic States per molecular unit 
and R is the gas constant. Such a pattern of electronic energy levels is 
found in substances which the chemist would describe as having unpaired 
electrons and, in particular, in ionic crystals containing elements with 
partially filled d or f electronic shells. Because of the magnetic moment 
accompanying the spin and orbital angular momenta of the electrons, 
these substances are, in the higher temperature region, paramagnetic. 
The changes from the completely ordered low temperature form to a high 
temperature form where there is a random distribution among several 
electronic states may be called a magnetic transition. Such transitions 
always occur over an extended range of temperature and the increase in 
entropy of the electronic system (we shall for short call this the “ magnetic 
entropy ”’) is never found to occur discontinuously at a single temperature 
as happens in the more familiar first order transitions associated with 
melting, vaporization or the change from one crystal form to another. 

In this paper we shall choose for more detailed discussion some examples 
of magnetic transitions in salts of divalent ions of manganese, iron, cobalt 
and nickel. No attempt will be made at a comprehensive survey of the 
considerable amount of experimental and theoretical information concern- 
ing magnetic transitions in ionic crystals which has become available in 
recent years, nor will the more complicated phenomena of ferromagnetism 
and antiferromagnetism in metals be discussed. There are several excellent 
recent review articles on antiferromagnetism !~4 and ferromagnetism’. The 
examples, chosen from among substances in which the writer and his 
collaborators have an experimental interest, will be typical of many 
magnetic salts at low temperatures. The main emphasis in this paper 
will be on the thermal properties rather than the many interesting 
phenomena disclosed by measurements of magnetic susceptibility, of 
magnetic structure by neutron diffraction. and electronic and nuclear 
resonance measurements. 
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J. W. STOUT 
SINGLE ION ELECTRONIC STATES IN A CRYSTAL 


If an ion having a d electron is situated at a point of cubic symmetry in 
a crystal, then the five orbital states, dewencrate in the free ion. are split 


into t eve one group of three de orbitals having a symmetry corre- 
sponding to the irreducible representation ty of the group 0», and the 
other group of two dy orbitals having the representation® c, If the 
positive ion is surrounded octahedrally by six negative ligands or by water 
mole as is usually approximately the case in ionic crystals of the iron 
group, then the de orbitals are lower in energy than the dy orbitals by the 
order of 10,000 cm~' With the execs ption of a few tightly bound complexes 

triply charged ions, the clectrostati repulsion energy 
among the ciectrons in ions containing several d clectrons is more important 
than the tahedral held energy and the lowest state is the one of maximum 


5, consistent with the Pauli prin iple. In Table / 


biectror is of some transition metal ions in an octahedral ficld 


Min! 
Fe? 
Co* 
Ni** 


Zn 


octahedral field, the maximum 


er, 5, and the maximum possible orbital degeneracy 


‘ evel consistent with these Because of the large energy 
re it mote an ciectron from a de to a dy orbital the excited states 
& promotion are never thermally occupied at temperatures 
reached in heat capacity measurements. There is further a spin degeneracy 
of 2S and the total number of low-lying states is the product of the 
spit 1 orbital degencracies These states are split by crystal fields of 
by the spin-orbit interaction energy’. *. For the 
nd d* there is a single orbital state and consequently the 
‘ netic entropy that can be ac q ured at attainable temperatures 
is KR ln (28 In the case of the remaining configurations (ex ept the 
diamagnet sted in JTable / it is possible to have orbital degeneracy 
in the ground state and the pattern of low-lying levels varies widely from 
one mpound to another since it is critically dependent on the crystalline 

hicids ol symmetry lower than cubic. 


When there is an even number of electrons in an ion it is possible for 
the crystalline fields of symmetry lower than cubic, combined with the 
rbit interaction, to remove all degeneracy of the electronic states. 
An example of such a case is a-NiS( »6H,O discussed below. When 
there is an odd number of electrons in an ion, however, a well-known 
theorem first formulated by Kramers® states that under the influence of 
crystalline fields and spin-orbit coupling each energy level is at least 
doubly degenerate. The residual magnetic entropy of R In 2 in the lowest 
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single-ion level, which by the third law of thermodynamics must vanish at 
the absolute zero, is lost through interactions between ions. 

When the interionic interaction energies are weak compared with the 
splitting of the electronic levels by the crystal fields, then the magnetic 
entropy is lost gradually as the temperature is lowered. The magnetic 
heat capacity has the form of a S« hottky curve, describable by a single-ion 
partition function. An example of such a case is that of x-NiSO,-6H,O, 
whose heat capacity'’® in the range 1—12°K is shown in Figure 1. The 
observed heat capacity is the sum of a lattice heat capacity which will 
in this temperature region vary approximately as 7* and a magnetic heat 
capacity derived from the partition function 


Q= 1 + exp (—#@,/T) + exp (—86,/T) 


This partition function represents three states per Ni** ion, the two higher 
energy states having energies k@, and k@, above the ground state. The 
two parameters were chosen by a least-squares fit of the observed heat 
capacity data, after making a small correction for the lattice heat capacity, 
and the values @, = 6-44 + 0-10 deg and 6, = 7-26 + 0-10 deg were 
obtained. The heat capacity curve calculated with these values of the 
parameters, shown as a solid line in Figure ], agrees with an average deviation 
of 0-9 per cent with the twenty-four points between 1-1° and 5-8°K. The 


mole 


cai °C 


nN 
~ 


12 


Figure 1 


total magnetic entropy change agrees closely with the expected value of 
Rin 3. Because of the very small lattice heat capacity of a-NiSO,-6H,O 
in the temperature range where the magnetic heat capacity is large, it is, 


in this substance, very easy to separate the magnetic and lattice contribu- 


tions to the entropy. In many substances, however, there are similar 


gradual changes in magnetic entropy which occur at higher temperatures 
where the lattice heat capacity is large and there is appreciable magnetic 
heat capacity over a wide range of temperature. In such a case it is much 
more difficult to separate the magnetic and lattice contributions to the 
heat capacity and entropy. 
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J. W. STOUT 
INTERACTIONS BETWEEN MAGNETIC IONS 


The interaction energy between different magnetic ions may be formally 
described as an exchange energy’, 
> 


— 
where 7; is the exchange integral between the ith and jth atoms and S; 


and S;, are the respective spin angular momenta in units off. The exchange 
forces are short-range and act essentially only between near neighbours. 
In ionic crystals they are believed to be transmitted between positive 
magnetic ions via intervening closed-shell anions", A _ positive j corre- 
sponds to a ferromagnetic interaction between two ions and a negative 7 
to an antilferromagnetic interaction (lowest energy for the antiparallel spin 
alignment of the two atoms). The long-range dipole interactions between 
magnetic ions are anisotropic and often determine the direction of alignment 
of the magnetic moments relative to the crystal axes. The dipole energies 
in magnetically concentrated compounds are of the order of magnitude of 
kT at 1°K which may become energetically important in compounds such 


cal °C mole 


45 
T °K 


Figure 2 


as MnBr, and MnCl, whose transitions occur in the helium temperature 
range. In many ionic crystals it is possible to divide the magnetic ions 
into two interpenetrating sub-lattices having opposite alignments of moments 
and arranged so that the neighbours of the ions of one sub-lattice belong 
to the other sub-lattice. Such an ordered arrangement was called anti- 
lerromagnetism by Néel'? and an approximate statistical treatment 
equivalent to the Weiss molecular field approximation in ferromagnetism 
was given by Van Vleck™. According to this simple model the magnetic 
heat capacity and entropy in the antiferromagnetic state both increase 
with temperature until a critical temperature, called the Néel or Curie 
temperature, is reached. At this temperature the last trace of ordering 
among the magnetic ions disappears, the magnetic heat capacity drops 
abruptly to zero and the full magnetic entropy is acquired. Below the 
critical temperature the magnetic susceptibility of a single crystal measured 
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perpendicular to the direction of alignment of the antiferromagnetically 
ordered atomic moments is independent of temperature, while the 
susceptibility parallel to the direction of alignment drops with decreasing 
temperature below the critical temperature. 

The observed effects in antiferromagnetic substances, the variations in 
magnetic susceptibility*: “, the long-range ordered structure as seen by 
neutron diffraction and the observations of electronic!® and nuclear!’ 
resonance in the ordered state are, for the anhydrous fluorides of manganese, 
iron, cobalt and nickel, in qualitative agreement with the simple model 
of Néel and Van Vleck. There is, however, quantitative disagreement, 
particularly in the neighbourhood of the critical temperature. 

Typical heat capacity curves involving co-operative ordering of the 
magnetic moments are shown for CoF, (Figure 2)"; MnBr, (Figure 3)'°; 
CoCl, (Figure 5)*®; and FeCl, (Figure 6)". Similar heat capacity 
anomalies involving co-operative ordering have been observed in MnF, ?, 
FeF, *, NiF, *, MnCl, **, NiCl, * and many other compounds’ containing 
magnetic ions. The general features of these heat capacity curves are a 
rise to a sharp peak considerably higher than would be found in a Schottky 
curve, and an abrupt drop at temperatures above the peak. There is 
always considerable magnetic heat capacity in the short-range order 
region above the maximum. Such an effect is expected from more elaborate 
statistical theories*® of the antiferromagnetic transition but there is as yet 
no statistical theory which agrees quantitatively with experiment. 


NATURE OF THE CO-OPERATIVE TRANSITION 


Ehrenfest?’ classified transitions as first, second, third, efc., order according 
to whether a discontinuity first appears in the first, second, third, etc., 
derivatives, with respect to temperature and pressure of the Gibbs free 
energy. With the possible exception of MnBr, none of the co-operative 
transitions discussed above shows any evidence of a latent heat as would 
be found in a first order transition. Experimentally it is very difficult to 
prove whether there exists a discontinuity in the heat capacity (second 
order transition) or whether the heat capacity is continuous but has a 
discontinuous derivative. In order to investigate this point it is necessary 
to take heat capacity measurements involving a very small temperature 
rise and since there is always some finite instrumental limit to the precision 
with which temperature may be measured, a decrease in the temperature 
rise of a point results in a decreased accuracy and consequent greater 
scatter. With platinum thermometers in the range above 20°K the practical 
lower limit to the temperature rise in a measurement is about 0-05°K. If 
there is a discontinuity in heat capacity there will always be one point in 
a series which spans this discontinuity and which will fall between the upper 
and lower values of heat capacity at the discontinuity. In CoF, (Figure 2)" 
it was found that near the peak the heat capacity curve was definitely 
rounded at the top, involving a change in sign of the curvature of heat 
capacity versus temperature, and then appeared to drop very rapidly. In 
the other co-operative transitions listed above there is a similar rapid drop 
in heat capacity above the temperature of the maximum. It is not possible 
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to decide whether in this temperature region the heat capacity versus 
temperature curve has a mathematical discontinuity or merely has a 
rapidly varying but continuous shape. It is preferable to class the magnetic 
transitions along with the transition in liquid helium, that in ammonium 
chloride and order-disorder transitions in alloys as lambda-transitions™ 
rather than try to decide the order in the Ehrenfest sense. 


8 


10 
°K 


In MnBr, (Figure 3)** short points near the peak were measured which 


save values as high as 30 cal mole-! °C-! for the heat capacity. In these 
points it was also observed that the approach to equilibrium was slow and 
the points did not fall on a smooth curve. In all the other magnetic transi- 


tions listed above there was no slowness in equilibrium near the peaks and 
no evidence of thermal hysteresis. It is probable that in MnBr, there is 
a latent heat or that the real heat capacity rises to extremely high values. 
he transition is not like the usual first order one, however, since the 
major part of the entropy change does not occur isothermally but is spread 
out over a large temperature interval. 


ENTROPY CHANGES ASSOCIATED WITH THE CO-OPERATIVE 
TRANSITIONS 


In the case of MnCl, * and MnBr, '* the transitions occur in the liquid 
helium range and it is easy to make a sufficiently accurate correction for 
the small lattice contribution to the heat capacity. In both of these 
manganous salts the total magnetic entropy change is found to be R In 6 
in agreement with that expected for six closely spaced single-ion states 
coming from the spin of 5/2. In MnBr, half of this entropy change occurs in 
the region of short-range order at temperatures above the heat capacity 
maximum. MnCl, * is unusual in that there are two peaks in the heat 
capacity curve, and approximately one-third of the total magnetic entropy 
is acquired at temperatures above the upper peak. In the case of the 
her compounds the transitions occur at a sufficiently high temperature 
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so that the lattice contributions to the total entropy and heat capacity 
form an important fraction of the total and must be estimated with 
considerable accuracy in order to calculate the magnetic contributions to 
these thermodynamic quantities. Stout and Catalano*® used data on the 
isomorphous diamagnetic compound ZnF,, together with a corresponding 
states argument, to estimate the lattice contributions to the entropy and 
heat capacity of MnF,, FeF,, CoF, and NiF,. The total magnetic entropy 
change in MnF,, FeF, and NiF, is R In (28 + 1). This indicates that in 
these salts there is a single low-lying orbital state and the splitting of the 
2S + 1 spin states by the crystalline field is small compared with kT at the 
transition temperature. In MnF,, FeF,, and NiF, between 70 and 90 per 
cent of the total magnetic entropy is acquired at the temperature of the 
heat capacity maximum. The variation with temperature of the magnetic 
entropy in these three fluorides is shown in Figure 4. In CoF,, on the other 


40 


Rin6 
Rin5 


|Mn F. 


120 160 200 
°K 
Figure 4 
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hand, the entropy acquired in the antiferromagnetic transition is RX In 2, 
indicating that the ground state in the crystalline field is a Kramers doublet 
and that the energy difference to the next excited state is large compared 
with k7 at the transition temperature of 37-70°K. This structure of 
electronic levels in MnF,, FeF, and CoF, is consistent with the more detailed 
information given by paramagnetic resonance experiments*®® on dilute 
solutions of these salts in isomorphous ZnF ,. 

In the compounds FeCl,, CoCl, and NiCl, the magnetic ions are at 
positions of point symmetry D,q and the threefold orbital degeneracy 
present in Fe?+ and Co** in a field of octahedral symmetry is partially 
removed, giving one doubly degenerate level and a singly degenerate one. 
Kanamori*! has calculated the expected energy level pattern in FeCl, and 
concluded that if, as seems indicated by experiments, the doublet level lies 
lowest in energy, the total of ten low-lying electronic states will be split 
by the spin-orbit coupling into five pairs separated from one another by 
the magnitude of the spin-orbit coupling constant (100 cm~? in the free 
ion). We have made use of heat capacity data on MnCl, *° and ZnCl, *! 
to estimate by the corresponding states method the entropy changes involved 
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co-operative transitions. These are listed, together with the 


atures of transition and the corresponding data on the fluorides. 


entropy change of R In 2 in Fe( l, is consistent with 
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Kanamori’s calculation®' of the electronic energy level pattern. One 
would expect additional heat capacity, of the Schottky type, at temperatures 
above the observed anomaly (Figure 6) and extending up to several hundred 
degrees. At present it does not seem possible to estimate the lattice heat 
capacity of FeCl, at higher temperatures with sufficient accuracy to permit 
a reliable experimental estimate of this additional magnetic entropy which 
should amount in total to R ln 5. The entropy change of R In 2 in CoCl, 
indicates that the lowest Kramers doublet is separated from the first 
excited level by an energy greater than kT at the transition temperature. 
Here also, one expects additional magnetic entropy gradually to be acquired 
at higher temperatures through the excitation of additional low-lying 
crystal field levels. In NiCl, * there is a single orbital level and the 
splitting between the three spin states is small compared with the interaction 
energy between ions, giving an entropy change of R In 3 associated with 
the co-operative transition. 


We are indebted to Professor Edgar F. Westrum, Jr, of the University of Michigan, 
for permission to quote in this paper his unpublished data on FeCl, and ZnCl,. 
This work was supported in part by the Office of Naval Research. 
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DIE KRISTALLUMWANDLUNG DES KOBALTS 


G.-M. Scuwas und W. Lupwic 
Phys.-Chem. Institut der Universitat, Miinchen, Deutschland 


Bei der a—8-Umwandlung des Kobalts, dem Ubergang der hexagonalen 
in die kubisch dichteste Kugelpackung, handelt es sich um eine relativ selten 
auftretende Umwandlungsart, das sogenannte “ Umklappen” (“ turn- 
over” transition). bei dem sich der Ubergang in die andere Gitterstruktur 
nicht allmahlich und lAngs einer Phasengrenze vollzicht, sondern im 
gesamten Kristall oder zumindest gréBeren Kristallbereichen spontan 
erfolet. Ein solcher Vorgang ist naturgemAB nur dann méglich, wenn die 
Strukturanderung durch ein Gleiten von bestimmten Gitterebenen erreicht 
werden kann. Beim Kobalt ist diese Voraussetzung gegeben, und zwar ist 
durch eine Verschiebung der dichtest gepackten Ebenen gegeneinander der 
Ubergane zwischen hexagonaler und kubischer Kugelpackung denkbar. 
Trotz zahireicher veréffentlichter Arbeiten tiber das Verhalten des Kobalts 
erschien es angebracht—auch im Zusammenhang mit eigenen Arbeiten am 
Kaliumdichromat und an der Korksdure, die in dieser Hinsicht anloge 
Eigenschaften besitzen—, weitere Untersuchungen daran vorzunchmen. 

Die zundchst auffallende Eigenart der Kobaltumwandlung ist ihre starke 
Verzégerung, die selbst bei Priparaten von auferordentlicher Reinheit 
beobachtet werden kann. Sie ist die Ursache dafiir, daB die nach den 
tiblichen Verfahren hergestellten Praparate im allgemeinen nicht aus ciner 
reinen Modifikation bestehen oder sich doch zumindest nach einer einmaligen 
Umwandlung nicht wieder vollstandig in die bei Zimmertemperatur stabile 
hexagonale Form zuriickverwandeln. Diese Erscheinungen gaben sogar 
immer wieder dazu AnlaB, cinmal die rein kubische, cin andermal die rein 
hexagonale Form in ihrer Existenz als thermodynamisch stabile Modifika- 
tion anzuzweifeln, da infolee des Zusammenfallens hexagonaler und 
kubischer Réntgenreflexe die gemessenen Intensitatsverhaltnisse von den fiir 
die reinen Modifikationen berechneten abwichen. 

Die Darstellung von reinem, pulverférmigem, hexagonalem Kobalt, das 
zguerst untersucht wurde, erfolete durch Reduktion von Kobaltoxyd 
bzw. -formiat. Aus den erwadhnten Griinden muBten dazu gewisse Bedin- 
gunegen cingchalten werden. Es zcigte sich, daB man die reine a-Form 
erhalt, wenn man die Hauptreduktion durch langsames Erwarmen auf 
héchstens 300° im Wasserstoffstrom durchfiihrt. Zum SchluB kann dann 
yur ev. Vervollstandigung der Reduktion noch bis 400° aufgeheizt werden. 

Von solchen Praparaten wurden unter Wasserstoffatmosphare zwischen 
Zimmertemperatur und ca. 800° bei schrittweisem Aufheizen (bzw. Abkihlen 
Debve—Scherrer-Aufnahmen gemacht. Eine Umwandlung dieses sehr 
feinen Pulvers (ROéntgenlinien diffus) war erst oberhalb etwa 600° feststellbar 
und erst knapp unterhalb 800 vollstindig. Innerhalb dieses Bereiches 
nahm die Intensitét der kubischen Reflexe (relativ zu den hexagonalen) 
entsprechend der schrittweisen Erhéhung der Temperatur von Aufnahme 
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zu Aufnahme ebenfalls schrittweise zu. Dabei spielte die Geschwindigkeit 
des Aufheizens keine Rolle. Wiederholte man nach einigen Stunden eine 
Aufnahme, die hexagonale und kubische Reflexe zeigte, bei derselben 
Temperatur, ohne zwischendurch die lemperatur verindert zu haben, so 
ieben die Intensitatsverhaltnisse der kubischen zu den hexagonalen 
Reflexen unverandert. Beim Abkihlen—die Ges hwindigkeit war hier 
ebenfalls ohne EinfluB—erfolgte keine feststellbare Rix kbildung hexagonaler 
Form. Die Umwandlung eines pulverformigen Praparates vollzieht sich 
also so, als ob die einzelnen Kristallchen eine vers hieden groBe Hemmung 
zu l berwinden haAtten. Da es sich um cin sehr reines Kobalt handelte, 
konnte diese Erscheinung nur dann auf Verunreinigungen zuriickgefiihrt 
werden, wenn man annahm, daB schon geringste Mengen wirksam sind. 
Andererseits schien es méglich. daB die KristallgréBe bzw. Gitterstérungen 
einen EinfluB auf die Umwandlung haben konnten., 

Um eine sichere Entscheidung fiillen zu kénnen, war es notwendig, 
kompakte Praparate von reinem a-Kobalt in einer fiir Debve—Sx herrer-Auf- 
nahmen gecigneten Form herzustellen. Dazu wurde diinner Platindraht 

ut einer geniigend dicken Schicht von Kobalt auf elektrolvtischem Wege 
gen, so da®B unmittelbar aufnahmeftihige zylindrische Praparate 
lten wurden. Zur Abscheidung der reinen hexagonalen Modifikation 
miissen auch hier bestimmte Bedingungen eingehalten werden. Insbe- 
sondere darf det pH-Wert eine untere, die Stromdichte cine obere Grenze 
nicht tiberschreiten. Die erhaltenen Praparate wiesen cine mehr odet 
weniger stark ausgeprigte Textur auf. Hauptsichlich wurden zwei 
lexturen erhalten. Bei der einen (1 lag die Flache (10T0 parallel zur 
Zylinderachse des Praparats und damit senkrecht zur Feldlir ienrichtung 
Feldlinientextur), wahrend auBerdem die he xagonale Hauptachse eine 
stark bevorzugte Lage parallel zur Zylinderachse cinnahm (wahrscheinlich 
infolge Str6mung im Kathodenfilm). Bei der zwe iten Textur war es gerade 
umgekehrt, hier lag die hexagonale Hauptachse senkrecht (Feldlinien 
senkrecht zu (0001) ) und die 10T0 -Ri htung parallel zur Zylinderachse. Die 
Pextur II wurde nur bei Verwendung von reinster, gesattigter Kobaltsulfat- 
lésung als Elektrolyt erhalten. wahrend sich Praparate der Textur I in mehr 
oder weniget ausgepragter Form aus den verschiedensten Elektrolyten 
niederschlugen. 

Die Untersuchung solcher Proben. die aus Elektrolyten verschiedener 
Zusammensetzung und unter vers« hiedenen sonstigen erhalten worden sind, 
wurden auf die gleiche Weise wie die Pulverpraparate in einer Seemann- 
Hochtemperaturkammer unter reinem Wasserstoff wahrend jeweils eines 
Umwandlunes yklus aufgenommen. Auch dabei erfolgte die Umwandlung 
beim Aufheizen und beim Abkihlen nicht sofort vollstandig bei einer bes- 
tummten Temperatur. Die vorhandene Menge neu gebildeter Modifikation 
nahm stetig mit steigender, bzw. fallendet lemperatur zu. Dabei konnte 
die vollstandige Umwandlung in die kubische Form, wenn bis 800° aufge- 
heizt wurde, immer erreicht werden. die vollstandige Riickverwandlung 
erfolgte jedoch nur bei einigen Praparaten, die unter ganz bestimmten 
Bedingungen hergestellt worden waren. Eine sehr auffillige Erscheinung 
war die auBerordentliche Kristallvergréberung, die sich haufig wahrend 


der Umwandlung vollzog. Sie betrug immer mehrere Zehnerpotenzen, 
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so daB aus homogenen Debye-Scherrer-Linien, die haufig wegen der 
urspriinglichen Kleinheit der Kristalle sogar schwach diffus waren, nur 
noch eine mehr oder weniger groBe Anzahl voneinander getrennter Schwarz- 
ungspunkte auf dem Réntgenfilm erschienen. Diese Kristallvergréberung 
erfolgte ausschlieBlich bei Praparaten, die sich relativ leicht umwandelten, 
d.h. beim Aufheizen mindestens zwischen 500 und 550° in die reine kubische 
Form tibergingen, bei diesen aber ausnahmslos. Dabei erfolgte die Ver- 
gréberung unmittelbar mit der Umwandlung. Hatte sich ein solches 
Praparat bei etwa 500° zum Teil umgewandelt, so waren die hexagonalen 
Reflexe namlich noch homogen und, abgesehen von der geringeren Inten- 
sitat, gegeniiber den Aufnahmen bei niedrigerer Temperatur, tiberhaupt 
unverandert (z.B. Textur, Diffusitat). Die daneben auftretenden kubischen 
Reflexe bestanden jedoch nur aus einzelnen Schwarzungsflecken. Die 
grobkristallinen Praparate zeigen nach der Riickverwandlung in die bei 
Zimmertemperatur bestandige Form keine Textur mehr, ganz gleichgiiltig 
was fiir eine Orientierung vorher vorgelegen hat und wie stark sie ausgepragt 
gewesen 1st. 

Wie erwahnt, wiesen die verschiedenen  Elektrolytkobaltpraparate 
erhebliche Unterschiede in der Leichtigkeit (U.L.), mit der die Umwandlung 
erfolgte, auf, gemessen daran, bei welcher Temperatur die Umwandlung 
volilstandig war und wie weitgehend sich die Riickverwandlung beim 
Abkihlen vollzog. Die Praparate mit der gréBten U.L. wurden aus Kobalt- 
sulfatelektrolyten—besonders bei Gegenwart von Ammonium- oder Acetat- 
ionen—erhalten. Verwendet wurden stets Elektrolyte mit hoher Co-Kon- 
zentration, i. a. gesdttigte Lésungen, da ein méglichst gleichmaBiger und 
fest haftender Uberzug notwendig war und Fremdinhibitoren tunlichst 
vermieden werden muBten. Die aus reiner Kobaltsulfatlésung, Ammonium- 
kobaltsulfat-Lésung und Kobaltsulfatlésung mit einem Zusatz von } der 
Kobaltmenge an Kobaltacetat erhaltenen Praparate wandelten sich alle 
zwischen 500 und 550° vollstandig um. Wahrend jedoch die Praparate aus 
den letzten beiden Elektrolyten bei 500° schon zum groBen Teil in der 
B-Form vorlagen, war bei denjenigen, die aus reiner Co-Sulfatlésung 
erhalten worden waren, noch keine Umwandlung eingetreten. Wurde vor 
dem Abkiihlen nicht tiber 550° hinaus erhitzt, so war die Riickverwandlung 
jedes dieser Praparate (jetzt grobkristallin) zwar weitgehend, aber nicht 
vollstandig; wurde jedoch kurz auf etwa 800° aufgeheizt, so hatten nach 
dem Abkiihlen auf Zimmertemperatur nur noch die aus reiner Kobaltsul- 
fatlésung erhaltenen Praparate Anteile von {§-Modifikation. Durch 
mehrstiindiges Tempern bei 800° oder kurzzeitiges Aufheizen auf etwa 
1000° (immer unter Wasserstoff) konnte auch bei den letzteren praktisch 
vollstandige Riickverwandlung erreicht werden. Diese Versuchsergeb- 
nisse schienen darauf hinzuweisen, daB der Grad der sekundaren Inhibition 
bei der elektrolytischen Darstellung der Praparate eine gewisse Rolle spielt, 
der urspriingliche EinschluB von Kobalthydroxyd also die U.L. herabsetzt. 
eingeschlossenes Kobalthydroxyd diese Wirkung tatsdchlich hat, 
wurde nachgewiesen. In einer Elektrolytlésung, die Praparate mit gréBter 
U.L. lieferte (Kobaltsulfat + -acetat) wurde mit einigen Tropfen Ammo- 
niak etwas Hydroxyd gebildet und aus dieser Lésung ein Praparat hergestellt. 
Die Umwandlung desselben erfolgte erst bei 700° (gegeniiber 500-550°), die 
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Riickumwandlung blieb véllig aus, und es trat keine Kristallvergréberung 
auf. Analog verhielt sich ein Praparat, das aus einer ges&ttigten Lésung 
von Kobalthydroxyd in Ammoniak erhalten wurde. Aus der letzten 
Lésung kann natiirlich Kobalthydroxyd leicht adsorbiert werden. 

Da Kobalthydroxyd—wenn nicht schon bei der Elektrolyse, so doch sicher 
unter den Bedingungen wahrend der Hochtemperaturaufnahmen 
reduziert wird, also als solches die Umwandlung kaum beecinflussen kann, 
muB wohl angenommen werden, daB bereits starke Gitterstérungen die 
Umwandlung erheblich hemmen kénnen. Das steht auch in Einklang mit 
der starken Verzégerung der Umwandlung bei feinpulvrigen Praparaten. 
Alle bisher angefiihrten Elektrolytkobalte konnten durch Tempern bei 
1000° unter Wasserstoff in Praparate mit groBer U.L. iibergefiihrt werden. 
wobei gleichzeitig auch die erwahnte Kristallvergréberung eintrat. Nur 
bei den Kobaltpulvern gelang das nicht. 

Bei idealer dichteste1 Kugelpackung fallen bestimmte hexagonale Reflexe 
mit kubischen zusammen: (0002) u. (111), (1130) u. (220). (1132) u. (31) ’ 
UOO4) u. (222). Das ist bei den Reflexen niedriger Ordnung des Kobalts 
der Fall, bei denjenigen héheret Ordnung tritt aber eine Aufspaltung auf. 
So fallen die Reflexe (0004) und (222) nicht mehr zusammen. sondern 
tauchen bei Verwendung von R6ntgenstrahlen mittlerer Wellenlange 
z.B. Fex,-Strahlung) schon als zwei deutlich getrennte Reflexe in einigem 
Abstand voneinander auf. Dabei ist die Linie mit dem etwas groBeren @ 
der hexagonale Reflex (0004). Der Abstand der dichtest gepackten Ebenen 
ABAB . . ., ABCABC . . .) ist also in der hexagonalen Packung etwas 
deiner als in der kubischen. Bei einer Anzahl von Praparaten, die bei 
Zimmertemperatur aus beiden Formen bestanden. fiel auf daB haufig der 
Reflex (0004) nur sehr schwach auftrat ode1 vollig fehlte, obwohl aus 
anderen Reflexen zu erkennen war, daB sehr erhebliche Anteile hexagonaler 
Modifikation vorlagen. Nach den relativen Intensitaten sollte det Reflex 
0004) jedenfalls starker erscheinen. Da keine Anzeichen fiir eine bevor- 
zugte Orientierung zu erkennen waren, die natiirlich eine Veranderung der 
Intensitatsverhaltnisse bewirken kénnte, wurde vermutet. daB hier eventuell 
eine zweite hexagonale Struktur vorliegt, deren Reflex (0004) mit dem 
kubischen (222) zusammenfallt. Eine derartige Struktur entsprache exakt 
dem Modell einer idealen Kugelpackung. Man kénnte sich vorstellen, 
daB sie durch Umklappen (Verschiebung der Ebenen ABC gegeneinander 
unter Beibehaltung der Ebenenabstande der kubischen Struktur entstanden 
ist. Der Ubergang in die gewoéhnliche x-Form ware nur eine Kontrak- 
tion der Gitterkonstanten c. Wenn eine solche Struktur neben kubischer 
und gewohnlicher a-Form vorliegt, dann miiBten auch die von einer 
Anderung der Gitterkonstanten c stark abhangigen Reflexe eine Aufspaltung 
aufweisen. Die Untersuchung mehreret Praparate ergab, daB die in 
Frage kommenden Reflexe 1072) und (10T3 zwar keine Aufspaltung 
mehr zeigen (der Effekt ist hier natiirlich auch geringer als beim Reflex 
QU04) ), aber eine sehr deutliche Verbreiterung gegeniibet entsprechenden 
Praparaten der reinen a-Form. Sonst besteht kein Unters hied. 

Um die Vorstellung der Umklappung durch Parallelverschiebung von 
Netzebenen (0001) bzw. (111) gegeneinander zu stiitzen, wurden schliesslich 
noch Versuche mit einem Kobalt-Einkristall gemacht, den wir der Freund- 
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lichkeit von Herrn Prof Krautz (Osram, Augsburg) verdanken. Er war 
als kubischer Einkristall aus der Schmelze gezogen worden und bestand bei 
Zimmertemperatur aus mehrerer (drei waren sichtbar) rein hexagonalen 
Bereichen. Aus einem von diesen wurde durch Aetzung ein stabchen- 
férmiges hexagonales Einkristallstiick isoliert, mit dem dann experimentiert 
wurde, Es gelang, den Kristall mit der Normalen auf die Ebene (1010) 
senkrecht zur Drehachse zu justieren, sodass die Schichtebenen-Diagramme 
einfach wurden und bequem ausgewertet werden konnten. Nach Erhit- 
zung auf 800°C (Umwandlung in einen kubischen Kristal!) und Abkih- 
lung (Riickumwandlung in die hexagonale Form) zeigten sich dann die 
Reflexe von 4 hexagonalen Kristallen oder Kristall-Bereichen. Aus den 
Schichtlinienwinkeln, unter denen diese auftraten, ergab sich, dass diese 4 
Bereiche die 4 Raumdiagonalen [111] des aus dem urspriinglichen hexa- 
gonalen Kristall entstandenen kubischen Kristalls zu [0001 ]-Achsen haben, 
dass also tatsachlich (0001)-Schichten bei der Umwandlung kalt-heiss und 
in verschiedenen Bereichen alle 4 entstandenen (111)-Schichten bei der 
Umwandlung heiss-kalt aufeinander gleiten. 
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SOLID TRANSITIONS IN MIXED CRYSTALS 
OF ETHYLENE DICHLORIDE AND ETHYLENE 
DIBROMIDE 


J. E. Spice, G. A. Harrow, C. R. McGowan and E. B. Smirn 
Donnan Laboratories, University of Liverpool, U.K. 


INTRODUCTION 

In principle, the heat capacity curve of a solid substance can give 
information about the dependence of energy absorption on temperature of 
the crystal lattice, and hence on the mechanism of any phase changes which 
occur therein. In practice, however, the amount of information is limited 
(a) by the fact that a considerable contribution to the measured Cy comes 
from the term $*V7T/a; (b) by the lack of an adequate theory of the heat 
capacities of complex crystals. In certain cases, though, considerable 
insight can be obtained by diluting the lattice of a compound which 
undergoes a phase transition with a second kind of molecule or ion, and 
observing the effect on the nature and magnitude of the transition. The 
added component has usually been one which itself has no transitions?, 
but a few studies have been made of mixed crystals both of whose 
components exhibit solid transitions?, when the phenomena are naturally 
more complex. 

This paper concerns heat capacity measurements on mixtures of ethylene 
dichloride and dibromide, both of which undergo solid transitions, and 
form a continuous series of mixed crystals. 


EXPERIMENTAL 

The experimental method will be fully described elsewhere*. The 
calorimeter assembly was closely similar to that of Aston and Ziemer‘*, 
The calorimeter vessel, of about 70 cm* capacity, was freely suspended inside 
a copper “ mantle ”’, itself suspended from a lead block inside an evacuated 
space. A re-entrant well in the calorimeter held a hollow former carrying 
a heating coil, inside which was a platinum resistance thermometer. The 
latter consisted of two strain-free spirals of 48 S.W.G. platinum wire, 
supported inside a platinum capsule. The thermometer was calibrated 
at the ice point and the boiling points of naphthalene, water and liquid 
oxygen. A double potentiometer of the type described by White was 
used for all the electrical measurements. The standard procedure for the 
measurement of heat capacities was followed. Determination of known 
thermal quantities showed that the absolute accuracy of the results was 
at least +0-5 per cent; the internal consistency was considerably better— 
about + 0-1 per cent. 

Ethylene dibromide and dichloride were carefully purified, finally by 
distillation from a 120 cm column packed with Fenske helices. The refrac- 
tive index of the final sample of the dibromide agreed exactly with the value 
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quoted by Timmermanns®, while the melting range of the dichloride 


showed it to contain only 0-03 mole per cent of liquid-soluble, solid-insoluble 
impurit The samples were kept out of contact with moisture. and the 


filling of the calorimeter vessel was carried out in a dry-box. 


Mole per cent of ethylene dichloride 


ide -ethiylene dibromide mixtures 


ethylene dibromide 


} ’ ws that these compounds give a « mpiete serics of 


g he melting curve The liq ud mixtures were 


phase separation on 


‘ it me cxtent this was obviously inevital le . and normally 


a mixture ' t allowed to melt again until all measurements on it had 
t : le But in a few cases measurements were made on the same 
mixture before ng, and after melting and re-freezing, and the results 


ere found 1 ec, provided the mixture had been annealed after cach 
freezir by the followi method Ihe frozen mixture was cooled as 
ray ble to well below the temperature of the lowest transition 
for t t : us then heated to within a few deerees of its melting 
ter rature, held there for some hours, and then cooled very slowly to 
below the temperature of the lowest transition. When a mixture had been 
taken three 1 through this heating and cooling cycle, it was possible to 


ootain a completely reproducible specific heat curve for the whole 


temperature range For anv mixt irc, as much as possible of the transition 


region lways covered by continuous working. 


RESULTS 


For any mixture at any temperature, the heat capacity quoted is the 


total heat capacity of the contents of the calorimeter, divided by the total 


t er of gram-molecules present—that is, it is a mean molar heat « apacity. 

Figures i] ve the heat capacity curves for pure ethylene dibromide 
and dichloride’, while Figures 3-10 show the curves for the cight mixtures 
inve ited These contained respectively 3, 8, 18, 43-5, 51, 60. 80 and 


“J mole per cent of ethylene dichloride. For the discussion of the results, 
four regions of interest may be distinguished. 
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Figure 2. Heat capacity curve for ethylene dibromide 
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Figure 4. 8 mole per cent of ethylene dichloride 
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A. Around 250 K—Ethylene dibromide undergoes a sharp transition at 
250°K which also appears (though at slightly lower temperatures) for the 
mixtures containing 8 and 18 mole per cent of dichloride. 


Melting 
ternp 
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18 mole per cent of ethylene dichloride 
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| Melting 
20 4—Region D--s~--Region temp 
160 180 200 220 240 260 

Temperature °K 


24 


Figure 6. 43-5 mole per cent of ethylene dichloride 


B. The range 225-235°K—For mixtures with 8 and 18 mole per cent 
of dichloride, this is a region of complexity, with two or three maxima in 
this part of the heat capacity curve. 


C. The range 205-215 K—Mixtures containing from 18 to 60 mole per 
cent of ethylene dichloride have a marked, narrow maximum heat capacity 
at about 206°K, with a much smaller subsidiary peak about 10° higher. 


D. Below 178° K—Ethylene dichloride has a very broad hump in its 
heat capacity curve, with a maximum at about 178°K. On addition of 
dibromide the height of this hump is reduced, while its breadth is more or 
less unaffected. For 90 and 80 mole per cent of dichloride the hump is 
as sharp as for the pure dichloride, while for the mixtures with from 43-5 
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to 60 mole per cent of dichloride the hump is appreciably more rounded. 
The temperature of the maximum is first depressed by addition of dibromide, 
but with increasing amounts again rises slightly. 
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Figure 7. 51-0 mole per cent of ethylene dichloride 
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Figure 8. 60-0 mole per cent of ethylene dichloride 
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Figure 9. 80-0 mole per cent of ethylene dichloride 
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Figure 10. 90-0 mole per cent of ethylene dichloride 
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Heat capacity curve for ethylene dichloride 


DISCUSSION 


In the interpretation of these results, the following facts about ethylene 
dibromide and dichloride have to be borne in mind. 


Ethylene dichloride crystallizes with a monoclinic space lattice contain- 


ing two molecules per unit cell*. Infra-red absorption measurements® 
show the molecules to be in the fully-extended or “ trans” configuration. 


while both X-ray and proton magnetic resonance measurements*: ! are 
consistent with the gradual transition at 178°K in the pure compound, 
marking the onset of free rotation of the ethylene dichloride mole ules, 
probably about their axes of least inertia. Otherwise, the « rystal structure 
is not affected by the transition. Ethylene dibromide has the same crystal 
structure as the dichloride (the 8 modification) above its sharp transition 
at 250°K, but exists in a different monoclinic form (the « modification) 
with four molecules to the unit cell, below this temperature", As in the 
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case of the dichloride, the dibromide molecules are in the trans configuration 
and seem to be rotating as a whole above the transition point. 

The sharp transition in pure ethylene dibromide is preceded by a 
seemingly anomalous rise in heat capacity, above the values to be expected 
from the curve at lower temperatures. Pitzer? suggested that this rise 
foreshadowed a second-order rotational change, similar to that in the 
dichloride. Because of greater lattice forces with the dibromide, molecular 
rotation was more difficult, the transition was accordingly delayed to a 
higher temperature, and before it could be completed, it gave place to a 
radical reorganization of the lattice, accompanied by a first-order anomaly. 
However, it is doubtful whether this view can be accepted, in the light of 
the information on the crystal structure of ethylene dibromide, which was 
not available to Pitzer. What can presumably be said, is that rotation is 
more difficult in the a-dibromide lattice than in the §-dichloride lattice. 

Timmermanns’ phase-rule study showed the formation of a continuous 
series of mixed crystals of ethylene dichloride and dibromide just below the 
freezing point, which is reasonable in view of the high temperature form of 
the dibromide having the same crystal structure as ethylene dichloride. 
Timmermanns did not report phase separation on continued cooling of 
the mixed crystals, but this is nevertheless likely to occur. When a crystal 
mainly of the dibromide is cooled, it will certainly undergo a lattice change 
at a temperature not much different from that for the pure dibromide. 
At lower temperatures, then, the dichloride molecules present will be in 
an “ alien ” lattice, and there will probably be a limit to the number which 
can be so accommodated, which may correspond to quite a small solubility 
of dichloride in dibromide. On the other hand, no such lattice change will 
occur when a crystal consisting mainly of dichloride is cooled. The 
dibromide molecules in such a crystal will therefore always be in a lattice 
which is at any rate the equilibrium lattice for dibromide at sufficiently 
high temperatures. Thus, though there must also be a solubility limit for 
dibromide in dichloride, it should be considerably greater than in the 
converse case. As will appear from consideration of the heat capacity 
curves, these solubility limits probably correspond to about 5 mole per 
cent of dichloride in dibromide, and 60 mole per cent of dibromide in 
dichloride. Hence, mixed crystals with less than about 5 or more than 
about 40 mole per cent of dichloride would remain homogeneous on 
cooling, while crystals of compositions between these values would separate 
into two components, of approximately these two compositions. 

A further possibility is the formation of a super-lattice. If this should 
happen—most probably for mixed crystals with more or less equal 
proportions of each component—there would probably be a Curie point 
at some temperature, when the ordered, low-temperature arrangement, 
with the nearest neighbours of one kind of molecule predominantly those 
of the other kind, gave way to a disordered high-temperature form, in 
which the nearest neighbours were themselves a random mixture of the 
two components. 

Because of these possible complications, it is only with mixed crystals 
containing relatively small proportions of either component that the effect 
of this component on the phase transition of the main component is likely 
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to be clearly discernible. Such replacement of the major component will 
a) change the lattice spacing; (b modify the lattice forces. The change 
in lattice forces will be partly due to the attendant change in lattice spacing, 
and partly due to the less symmetrical force field resulting from partial 
replacement. In addition, the actual intermolecular forces, for a given 
distance. will be changed. If these forces are mainly dispersion forces, 
thev will be greater the larger the molecules concerned. If, on the other 
hand, the C-halogen bond dipoles make a sizeable contribution (although, 
of course, the molecules as a whole are non-polar in the trans configuration) 
then replacement of dichloride by dibromide may lead to a net reduction 
in intermolecular forces. The effect of replacement on forces and hence 
on transitions, cannot therefore be clear-cut. With these preliminary 
remarks in mind, the results for each of the four regions distinguished can 
now be considered. 


Region A 

If ethylene dichloride were soluble in the high-temperature (8) form of 
the dibromide (which has the same crystal structure) but insoluble in the 
low-temperature (a) form, small additions of dichloride should lower the 
dibromide transition point according to the equation: 


Use of this equation, however, would indicate a lowering of about 8° for 
the addition of 3 mole per cent of dic hloride, as against the observed lowering 
of less than 2°. Thus, it seems that the dichloride (as expected) must be 
to some extent soluble in the low-temperature form of the dibromide, so 
that the free energy of both a- and 8-dibromide are lowered by addition 
of dichloride and the above equation does not apply. The less symmetrical 
force field in the mixed crystal should facilitate lattice transformation, 
which should therefore set in at a lower temperature than in the pure 
compound. For the same reason, the transition may not now be strictly 
isothermal, and experiment actually shows it to be less sharp than in the 
pure dibromide. 


Region D 
The unusual broadness of the rotational transition at 178°K in pure 
ethylene dichloride presumably means that the forces opposing rotation 


are small, so that the first molecules to rotate can do so quite easily, and 
no drastic loosening of the force field inhibiting rotation of the remaining 
molecules is thereby caused. The dependence on composition of the 
temperature of the “ dichloride’ transition is shown in Figure 12. For 
the replacement of up to 40 mole per cent of dichloride by dibromide, 
the transition temperature is lowered, which indicates that the lattice 
forces are decreased, presumably because the reduction in dipole-dipole 
attractions outweighs the larger dispersion forces to be expec ted, when 
dichloride is replaced by dibromide. The rise in transition temperature 
for more than 40 mole per cent of dibromide is understandable in terms 
of super-lattice formation, as is the change in the nature of the hump in 
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the heat capacity curve between the 60 and 80 mole per cent mixtures, 
and these topics will be discussed in the next section. 


° 
@ 


uw 


Temperature 
3 


a 
uw 
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40 60 80 100 
Mole per cent of ethylene dichloride 


Figure 12. Variation of ethylene dichloride transition with composition 


Region C 


Phenomena in this temperature range differ from those discussed for the 
other temperature ranges, since the two interconnected peaks near 210°K 
occur for neither of the pure compounds. The lower peak, at about 
206°K, might be due to onset of rotation of ethylene dibromide molecules, 
rotation having already set in for the dichloride in these mixtures. How- 
ever, the shape of this peak is quite different from that occuring in the 
dichloride-rich mixtures, and its temperature varies very little with 
composition, unlike that of the dichloride peak. In addition, there is also 
the smaller subsidiary peak about 10° higher to be explained. For these 
reasons the 206° peak may more probably be associated with a super-lattice 
transformation. Although such a change will naturally be much more 
difficult for a molecular crystal than for an alloy, there seems no reason in 
principle why it should not also occur in this case—especially when the 
lattice forces have been loosened by a preliminary acquirement of rotational 
freedom. When there is a great disparity in the relative amounts of 
ethylene dichloride and dibromide, there will be little difference between 
an ordered and a disordered arrangement, and any super-lattice anomaly 
would be very slight. But with roughly equal proportions the anomaly 
should be more marked. It may therefore be significant that the 206° 
peak is found only for mixtures containing from about 40 to 60 mole per 
cent of dibromide, and also for the 82 per cent mixture, which is discussed 
in the next section. Further, the 206° peak is not dissimilar in shape to 
those usually found for super-lattice changes, and the small dependence 
of the transition temperature on composition is broadly consistent with 
the effect of composition on Curie point for certain alloy systems!?. 

If mixed crystals with from 40 to 60 mole per cent of ethylene dichloride 
exist as super-lattices at low temperatures, each kind of molecule will 
then to a considerable extent be segregated on its own lattice and surrounded 
predominantly by molecules of the other kind. It may not be possible for 
ethylene dibromide molecules to rotate in such a situation, partly because 
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of their mutual isolation, making co-operative effects unlikely, and partly 
because dipole-dipole forces inhibiting rotation will be larger between 
an ethylene dibromide and an ethylene dichloride molecule than between 


two ethylene dibromide molecules. If de-segregation is responsible for 
the transition at 206°K the above factors then cease to operate, so that the 
smaller, higher peak may be caused by the onset of rotation for any non- 
rotating ethylene dibromide molecules. Its small magnitude may be duc 


to full rotational freedom not even then being acquired, or to only a 


proportion of the dibromide molecules having had their rotation previously 
inhibited. 


On this basis, mixtures with less than 40 mole per cent of dibromide 


ow no peak at 206°, for reasons already discussed. The dichloride 


peak is than as sharp as in the pure compound, and may indeed involve 


the rotation of dichloride and dibromide molecules alike. in the disordered 


tal. From 40 to 60 mole per cent of dibromide, however, the mutual 


lation of the dichloride molecules may well be responsible 


:) For the change in character of the “ dichloride ” transition. It 
now becomes much smaller in area and more rounded in shape than for 


mixtures with less than 40 mole per cent of dibromide, possibly because 


the rotation now involves only the dichloride molecules. 
For the fact that the temperature of the transition now rises again, 
the pling between dichloride molecules being lessened. by reason of 


44) ition 


Ihe complex behaviour for mixtures with 8 and 18 mole per cent of 

et ene nde im this region, is almost certainly due to the existence 
i i ty gap As already discussed, the existence of such a 
gap, trom about 5 to 40 mole per cent of dichloride, would result in a 
part : mpicte separation in a cooled, annealed mixture with a gross 
wrsit z between these limits, into an intimate aggregate of 


xed crysta with respectively about 5 and about 40 mole per cent 


‘ When such a mixture was heated. it would display the 


or transitions around 210°K, due to the 40 mole per 


ynent might also show an ethylene dichloride 


transition at a lower ten perature In fact the latter transition ws only 
ipparent ior the mixture with 43-5 mole per cent dix hloride, so it may 
; we i» ictectable in the dichloride-rich crystal on that side of the 


i iulity gap, for a gross mposition between the miscibility limits. 


» the absorption of energy on re-mixing 


Ad muce-type transition, occurring at a temperature appropriate 
rvstal resulting from the re-mixing 


The crit a sound temperature would probably lie not tar 


bee the melung curve for the system. so that process (a) should certainly 
ir belore any re-mixing Processes (b) and (c), however. might occur 
at about the same temperature, and the previous occurrence or non- 
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occurrence of re-mixing would obviously affect the temperature of process (c 
The above discussion has been in terms of complete separation and 

remixing, but fairly obviously this would not take place. It is considered 

that the annealing procedure used would produce at least a partial separa- 


tion into two mixed crystals, possibly in domains of limited extent, and 
that there would be some degree of re-mixing across the domain boundaries 
on heating. In this case, the course of events would naturally be less 
clear-cut than that discussed above, and several maxima might appear as 
a result of the mixing process, instead of only one. 

In fact, the mixture with 18 mole per cent dichloride does show peaks 
at 212° and 218°K, corresponding to those for the middle-range com- 
positions. ‘They are smaller than for the mixture with 44 mole per cent 
of dichloride, presumably because of the smaller amount of this component 
present, in the partially separated mixed crystal. Whether the isolated 
peak at 216 K for the 8 mole per cent mixture is also due to a 40 per cent 
component is perhaps more doubtful. On the other hand, the 8 mole pet 
cent mixture has an unmistakable dibromide type transition at 247°K, 
which is not much lower than that observed for the 3 mole per cent mixture. 
This is quite understandable if the peak in the 8 mole per cent mixture is 
actually due to a 5 mole per cent component. That the 18 mole per cent 
mixture shows no dibromide-type peak is possibly due to the fact that the 
melting temperature for this composition 1s lower than the expected 
temperature of a dibromide transition, even for a 5 mole per cent crystal. 

Confidence is therefore felt in attributing the broad features of the heat 
capacity curves for the 8 and 18 mole per cent mixtures to a partial 
separation into two mixed crystals, even though it ts hardly possible to 


analvse these curves in detail. 
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THERMODYNAMIC PROPERTIES OF INDANE 
AND INDENE 


D. R. G. C. R. A. McDonaitp, W. E. Hatron and 
D. L. Hi_pENnBRAND 


The Dow Chemical Company, Midland, Michigan, U.S.A. 


Thermal Laboratory, 


INTRODUCTION 


Over a score of years ago, Dolliver, Gresham, Kistiakowsky and Vaughan! 
measured the heat of catalysed hydrogenation at 100°C of indane and 
indene to the same hydrogenated product, which was presumed to be a 
mixture of isomers whose identity and concentration were not definitely 
established. The difference between these measured heat values is a 
measure of the heat of hydrogenation of indene to indane. More recently 
Naidus and Mueller* measured the equilibrium constants by a flow method 
for the system indane—indene—hydrogen from 375° to 535°C. From these 
equilibrium data these authors calculated the heat, entropy, and free energy 
changes for the hydrogenation reaction over the temperature range studied. 
Since the industrial importance of these materials has increased in the past 
few years, the following measurements were undertaken to extend our 
knowledge in this area. The heat capacities of indane and indene were 
measured from 15° to 320°K, and their heats of combustion were determined 
by standard bomb calorimetry. 


EXPERIMENTAL 


Materials 


Indane—Commercial material was purchased from the Aldrich Chemical 
Company, Milwaukee, Wisconsin, and was further purified by distillation. 
The equilibrium melting studies indicated the indane to be 99-89 mole 
per cent pure. The calorimetric sample weighed 62-245 g corrected to a 
vacuum basis and the molecular weight was taken as 118-179. 

Indene—Commercial material was purchased from the Chemical Research 
and Intermediates Laboratories, Akron, Ohio, and was further purified by 
distillation. The equilibrium melting studies indicate purity in the range 
99-7 to 99-9 mole per cent, although this has not been clearly established 
because of solid solution phenomena. The calorimetric sample weighed 
63-900 g corrected to a vacuum basis and the molecular weight used was 
116-163. 


Calorimetric apparatus 


Details of the automatic adiabatic calorimeter and its operation have 
been fully presented elsewhere*: 4. The sample container was of platinum, 
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joined with gold solder and contained a soft-glass cap which was sealed off 
to close the container hermetically. The container had a volume of about 
70 cm’ and contained a central platinum resistance thermometer with ten 
re-entrant heater wells about midway on equidistant radii. Twenty 
circular heat-distributing discs were bonded to the heaters but not to the 
resistance thermometer or side. For filling, the container was sealed to a 
glass vacuum line. After evacuation the sample was distilled in under its 
own vapour pressure, and the glass filling line sealed off after addition of a 
few cubic centimetres of helium gas. The quantity of glass used was 
weighed and corrected for. 

The platinum resistance thermometer (R, = 92 Q) was calibrated by 
comparison with another platinum resistance thermometer calibrated by 
the National Bureau of Standards, and thus reproduced the temperature 
scale described by Hoge and Brickwedde’ and by Stimson*. The value 
273-15°K was used for the ice point and 4-1840 abs. J has been used to define 
the calorie. 


Heat capacity measurements 


Comparison of heat capacity measurements on n-heptane* with the 
standard values reported by Ginnings and Furukawa’ has shown that this 
automatic adiabatic calorimeter is accurate to within 0-25 per cent above 
90°K, while below this temperature the uncertainty increases to as much as 
| per cent at 25°K. Additional comparisons of heat capacity values with 
other laboratories are in agreement with these findings. 

Indane was cooled to about 12°K after which intermittent quantities of 
heat were added, finally raising the temperature to about 300°K. A sharp 
peak was observed in the heat capacity at about 70°K and fusion at about 
222°K. After re-cooling to about 12°K. intermittent heating raised the 
temperature to about 70°K where the transition was again passed, After 
re-cooling some degrees below the transition. heat inputs were resumed with 
smaller increments through the transition range. After re-cooling a second 
time to below the 70°K transition, intermittent heat inputs were made until 
the temperature of the sample reached about 320°K. The fusion was carried 
out twice with continuous heating, after which the liquid range was measured 
to 310°K. Temperature rises were about 10 per cent of the absolute 
temperature below 50°K and 5° to 6° above, and were small enough so that 
curvature corrections were unnecessary. 

Indene was cooled to about 12°K and was heated to about 290°K with 
intermittent heat inputs. After re-cooling to about 12°K intermittent heat 
inputs were made until 320°K was reached while the fusion was carried out 
with continuous heating. After re-solidification. the fusion was again 
accomplished with continuous heating. Indene has an abrupt rise in its 
heat capacity at about 125°K, similar to an annealing type of transition 
encountered with organic glasses, and in addition, a rather broad hump at 
about 210° to 250°K. Table J lists thermal data derived from the smoothed 
heat capacity data on indane and indene read from smoothed curves drawn 
through the experimental points. Few of the experimental points were 
more than 0-2 per cent from the “ best curve ’’. 
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Table 1. Derived thermal data 


T°(K) G 
(cal mole~*°K-!) 7 


Indane 


1-86 
20 3°24 1-45 1-03 0-41 
25 4-68 2-32 1-62 0-71 
30 6-03 3-30 2-24 1-06 
40 8-30 5-35 3-48 1-87 


10-28 7-42 4-64 2-78 
60 12-26 9-47 5-75 3-72 
80 14-43 14-04 8-15 5-89 
100 16-10 17-43 9-57 7-86 
120 17-84 20-52 10-80 9-72 


19-68 23-40 11-97 11-42 

160 21-66 26-16 13-06 13-10 

180 23-79 28-8 14-13 14-70 
200 26-04 31-46 15-21 16°25 

220 28-43 34-05 16-30 17-75 


40-70 46:71 26-76 19-95 


260 42-14 50-03 27-89 22-14 
280 43-80 53°21 28-96 24-24 
298-15 45-47 56-01 29-92 26-09 
300 $5-65 56°29 30-01 26-28 
320 47-79 59-31 31-06 28-25 


Inde ne 


2-13 0-91 0-66 0-26 
3°42 1-71 1-19 0-51 
4-66 2-60 1-76 0-84 
5-77 3°55 2-34 1-2] 
7-64 5-48 3-44 2-04 


ov 


“IO 


~ 


& 
&> 


-+- 
oc 


28-82 
31-40 


34-01 16-50 17-51 


260 34-02 36-62 17-74 18-88 
280 43-25 48-43 27-92 20°51 
298-15 44-68 51-19 28-89 22-30 
300 44-84 51-47 28-99 22-48 


54°21 30-06 
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RESULTS 

Transition data 

The heat capacity of indane begins to rise sharply at about 68°K and 
reaches a measured value of 138-88 cal mole! “K -! at 73-82°K: the value 
at 74-28°K has receded to 33-21 cal mole“? “K-'. By 78°K the heat 
capacity curve is rising smoothly again. Two separate runs through the 
transition region gave for the total heat absorbed between 68° and 78°K 
the values 187-0 and 186-1 cal/mole, indicating that the transition is reason- 
ably reversible and free from hysteresis. Pre-melting seems to begin about 
170°K and 180°K and becomes more pronounced as the melting point is 
approached. The heat of melting in the pre-melting region is about 0-3 to 
0-5 per cent. The heats of melting for the four runs were 2054-8, 2056-0, 
2054-8 and 2055-0, making the average value 2055 + 2 cal/mole. Purity 
of the sample was calculated from melting data taken during intermittent 
melting, and tabulated in J7able 2 where F is the weight fraction melted. 
Our sample melted at 221-715°K, extrapolated to a pure melting point of 
221-77°K, and gave a calculated purity of 99-89 mole per cent. The sample 
appears to behave ideally. 

The shape of the solid heat capacity curve of indene does not give much of 
a clue regarding the presence or absence of pre-melting. The heats of 
melting for three runs were 2440-3, 2435-9, and 2437-7, making the average 
value 2438 + 3 cal/mole. Purity calculated on the basis of the pre-melting 
heat capacity indicates about 99-95 mole per cent. Purity calculated from 
fractional melting data is tabulated in Table 3 and indicates a purity of 
about 99-91 mole per cent although a plot of temperature versus the recip- 
rocal of the fraction melted does not give a straight line, indicating that the 


Table 2. Equilibrium fraction of indane melted (F 
temperature 


F L/F 
0-129 
0-238 
0-351 85 
0-463 lo 


0-575 74 
0-690 45 
0-800 25 
0-909 ‘10 


Table 3. Equilibrium fraction of indene melted 
temperature 


q 

7 

ae 

vs. at 
221-438 
221-570 

221-616 

| 221-651 

221-703 
221-714 

271-508 0-294 3-40 

271-565 0-532 1-88 

271-582 0-654 1-53 

271-598 0-775 1-29 
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system departs rather widely from ideality. If the impurity forms a solid 
solution, application of the calculational method of Mastrangelo and 
Dornte® leads to a purity of 99-68 mole per cent. No one of these treat- 
ments is in agreement with all the facts, so the purity must be regarded as 
not established. The melting point of pure indene was taken as 271-70°K. 


Entropy 


Both heat capacity curves were extrapolated from about 15°K to 0°K 
by a combination of Einstein and Debye functions. For indane three 
degrees of Debye freedom with 6 = 86° and three degrees of Einstein free- 
dom with @ = 121° were used, while for indene three degrees of Debye 
freedom with @ = 77-5° and three degrees of Einstein freedom with 
6 = 136°. From 15°K to 198-15°K the heat capacity was graphically 
integrated. These entropy calculations are summarized in Tables 4 and 5. 


Table 4. Calorimetric entropy of indane 


S° (cal mole~!°K-') 


86 
3°D 
K (graphical) 
Melting, 2 1-7 


221-77°K K (graphical) 


9 
5 
Entropy of liquid indane at 298-15°K 56-01 + 0-10 


Table 5. Calorimetric entropy of indene 


S° (cal mole~!°K-!) 
| 
°K-15°K + 3° 0-91 
0°K-15°K |C, = (>) 2 
15°K-271-70°K (graphical) 37-251 
Melting, 2438/271-70 8-973 
271-70°K-298-15°K (graphical) 4-053 
Entropy of liquid indene at 298-15°K 51-19 + 0-10 


Vapour pressure 


Vapour pressures were measured in a twin ebulliometer system in which 
the compounds and water boiled simultaneously at a common pressure. 
Equilibrium boiling temperatures were observed simultaneously for water 
and indane and for water and indene. The pressure in the system was 
calculated from the boiling temperature of the water, since the vapour 
pressure of water is well established. The experimental points were fitted 
by a least-squares method to the Antoine equation. The Antoine equation 
for indane: logPmm = 7-05483 — 1625-70/(t + 211-645), and for indene: 
logPmm = 6-87071 — 1507-80/(¢ 195-313), (t+ in °C), were used to 
calculate the vapour pressure values presented in Table 6. 
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Table 6. 


Vapour pressures of indane and indene 


Heats of combustion 
Heats of 


ere determined by 


ere corres ted 
ol pure 

thod of 
atmos- 

to lorm 

n dioxide 

to the 
indene. 
values 


idl, 


le 7 repre- 


| indane. whi h 


K stiakowsky and 


: 
1 94 19.56 13 
Indene pressures (1 
‘aire 
. 
standard bomb calor etry meter was calibrated 7 
in 
prevent cv rm ft ‘ All we 
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Vaughan! measured the heat of hydrogenation of indene to indane in the gas 
phase at 373°K, and reported 24,200 + 500 cal/mole. Since the heats 
of vaporization for indane and indene are expected to be similar, these 


heats of hydrogenation are in agreement within experimental error. 


Thermodynamic properties at 298-15°K 


rhe entropy and heat of formation data given above may be combined 
with the entropies of the elements" to calculate free energies of formation of 
indane and indene. Thermodynamic properties of o-ethyltoluene were 
taken from the compilation of the American Petroleum Institute Research 
Project 44'*. These thermodynamic properties are summarized in Table 8. 


Table 8. Thermodynamic properties at 298-15°K 


AF? (kcal/mole AH? (kcal/mole S” (cal mole~**K~! 


Ethyltoluenc 


liq 27-97 68-42 
Indane (liq 36-06 2-56 56-01 
Indene liq 52-02 26°39 51-19 
Hydrogen (was 0 0 31-21 


On the basis of these data, the extent of two reactions at thermodynamic 
equilibrium has been calculated. 


o-Ethyltoluene @ Indane + Hydrogen i) 


Reaction (i) indicates the cracking of liquid o-ethyltoluene at 25°C to 
form liquid indane and hydrogen gas: 


36-06 27-97 + 8-09 kcal 
SA os 2-56 11-1] 13-67 kcal 
ose 96°01 + 31-21 — 68-42 18-80 cal/°K 


Phe free energy change indicates that no indane would be formed at 


room temperature, but the large positive entropy change indicates that 


indane formation would be favoured at higher temperatures. Assuming 


that the heat and entropy changes in the reaction remain reasonably constant 


with temperature and that the heats of vaporization at 25°C are comparable, 
calculation shows that the free energy change for the reaction, AF», should 
be equal to zero at about 750°K (480°C). This means that roughly equal 
amounts of o-cthyltoluene and indane would be present at that tempera- 


ture, and that above 750°K the formation of indane becomes increasingly 


favoured. Experience has shown that the assumptions regarding the 
constancy of AH and AS are reasonable. 


For the reaction of dehydrogenating liquid indane to indene liquid and 
gaseous hydrogen: 


Indane # Indene + Hydrogen (ii) 


AF ». os 52-02 — 36-06 = + 15-96 kcal 
os 26°39 — 2-56 + 23-83 kcal 
ss S119 + 31-21 — 56-01 + 26-39 cal/°K 
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Here, also, the free energy change indicates that the dehydrogenation of 
indane to indene docs not occur to any measurable extent at room tempera- 


Again, however, the large positive entropy change indicates that 


ture 
indene formation should be favoured at higher temperatures Making the 
same assumptions regarding the constancy of AH and AS and again assuming 
the heats of vaporization to be comparable, the free energy change in 
reaction (ii) should be zero at about 900 K (630°C). In the temperature 
range 600 C to 750°C, these results indicate that roughly equal amounts 
of indane and indene may be present around 600°C, but at 750°C indene 
should be favoured over indane by a ratio of almost ten to one. 

Naidus and Mueller* have presented an experimental study of the 
indene-indane—hydrogen system from 375°C to 525°C. Their results are 
in reasonably good agreement with these thermodynamic calculations, but 
indicate that AF for reaction (ii) should be equal to zero at about 530°C, 
about 100° lower than our calculated value. Considering the errors involved, 
we are inclined to average the two sets of results and conclude that indane 
and indene will be present in roughly equal amounts at about 580°C. 


Above this temperature, of course, indene predominates. 
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ORTHO-PARA AND ISOTOPE SEPARATIONS 
BY PREFERENTIAL ADSORPTION AT LOW 
TEMPERATURES 


Davin Wurre, W. J. Haupacn and E. N. Lassetrre 


Cryogenic Laboratory and Department of Chemistry, The Ohio State University, 
Columbus 10, Ohio, U.S.A. 


SUMMARY 


Although the catalysed conversion of ortho- to para-hydrogen has been 
known for many years, the separation of the two species by adsorption at 
low temperatures is a much more recent discovery. The separation of the 
spin species was first clearly recognized by Sandler! during a study of 
hydrogen adsorption, at 90°K, on rutile and charcoal. The difference in 
extent of adsorption of ortho- and para-hydrogen was attributed to such 
strong hindrance of rotation of adsorbed hydrogen that one degree of 
rotational freedom is lost. A much more extreme example of the strong 
preferential adsorption of ortho-hydrogen at 20-4°K was encountered by 
Cunningham and Johnston* during the course of a study of the rate of 
conversion of ortho- to para-hydrogen by paramagnetic salts adsorbed on 
an inert support of finely divided alumina. The conversion rate was found 
to be nearly independent of the ortho—para composition of the liquid hydro- 
gen mixture in contact with the catalyst. ‘This suggested that the catalyst 
surface was almost completely covered with ortho-hydrogen. A detailed 
analysis led to an ortho—para separation factor of 16 + 3 at 20-4°K. That 
ortho-hydrogen is preferentially adsorbed was established conclusively by 
Cunningham, Chapin and Johnston® as the result of experiments in which 
nearly pure ortho-hydrogen was prepared by successive adsorption and 
desorption on alumina in the absence of a paramagnetic salt. Para- 
deuterium was also separated by the same method. For both hydrogen 
and deuterium, molecules in the rotational state 7 = | are most strongly 
adsorbed. Separation of ortho- and para-hydrogen has also been observed 
by Moore and Ward‘ using the method of gas chromatography. 

Recent adsorption experiments in this laboratory using y-alumina free 
of paramagnetic materials have confirmed the magnitude of ortho—para 
separation factors suggested in the work of Johnston ef al.?, * These have 
been found to be dependent on surface coverage, so a single value cannot 
be given. However, they fall in the range 6-15 for hydrogen and | -8-3-0 
for deuterium. It has also been found that the hydrogen isotopes, deu- 
terium-hydrogen, can be separated by preferential adsorption® with separa- 
tion factors ranging from 5 to 200, depending on surface coverage. In 
addition, it has been observed that the magnitude of the isotope separation 
depends on the ortho—para concentration of each of the hydrogen isotopes 
undergoing separation. 

The above experimental results have been accounted for by White and 
Lassettre® in a recent article in which a theory is developed by considering 
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the energy levels of a_ three-dimensional rotator. The Schroedinger 
equation for an adsorbed molecule on a plane surface has been solved for 
several simplified potential fields, leading to rotational and vibrational 
energies as functions of barrier height. The calculated separation factors, 
both ortho—para and isotope, are not in accurate quantitative agreement 
with the experimental results at a fixed surface coverage. However, the 
theory does predict all the effects observed to date, namely, 

1) molecules in the rotational state 7 | (ortho-hydrogen, para- 
deuterium) are more strongly adsorbed than molecules in the ground 
state; 

2) predicted isotope separation factors are strongly dependent on the 

ortho—para composition of the isotope mixture. 

Both the experimental and theoretical investigations are continuing in 
this laboratory in order to further elucidate the nature of the interactions 
of diatomic molecules, both heteronuclear and homonuclear, with surfaces’. 


This work ts supported in part by the U.S. Atomic Energy Commission, Division 
of Research. 
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CONDENSED SOLUTIONS OF THE RARE 
GASES 


R. HEastie 
Department of Physics, Queen Mary College, London, E.1, U.K. 


The condensed rare gases have a number of properties which make them 
suitable substances for an experimental test of solution theories. Their 
molecules have spherical symmetry and have no internal motions and their 
“radii”’ may differ by as little as 7 per cent. With the exception of 
helium, the rare gases crystallize in the same form—face-centred cubic. 

Measurements of the total vapour pressure of solid solutions of the two 
systems A-Kr and Kr-—Xe have been reported'-*. These measurements 
have been compared with theory and in particular with the average 
potential model theory developed by Prigogine and his associates. This 
theory leads to an expression for the excess molar free energy (Gg) of the 
form: 


Gy = ox (1) 


where x, and x, are mole fractions of the components and ¢@ is a function 
of temperature (but not of composition) which may be calculated from a 
number of properties of one component. When a is positive, as it is for 
the two systems considered here, there exists a critical temperature Te, 
below which the components are insoluble for some values of the com- 
position. The value of the critical temperature, T¢, is given by T = (1/2R)o. 
From the measured vapour pressure, P, at several temperatures, 7, o may 
be determined as a function of 7. The temperature 7; at which o = 2RT 
may thus be estimated. The values of 7¢ so calculated’: ? are shown in 
Table 1. No direct experimental evidence of the existence of two solid 
phases has been obtained for either the A-Kr or the Kr—Xe system. Some 
recent experiments with the latter system in which indications of a phase 
separation have been observed, are described below. 

In the investigations of A—Kr solutions by Walling and Halsey? and 
Kr—Xe solutions by Freeman and Halsey’ an amount of the heavier gas 
was condensed into a thermostated vessel at a temperature 7,. Subse- 
quently, amounts of the other component were condensed into the same 
vessel. The solid mixtures were allowed twenty-four hours to attain 
equilibrium before the vapour pressure was measured. From these 
measurements a mean value of o, & for solutions of different compositions 
was calculated for each value of 7,. These values of ¢ are compared with 
the prediction of the average potential theory in Table J]. Considering the 
nature of the theory, the agreement is good. 

In the author’s experiments the two gases were mixed in the gaseous 
state and condensed into a calorimeter which was subsequently heated. 
Vapour pressure measurements were made at intervals during the heating 
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period (6-10 h). The measurements were extended through the hetero- 
geneous region until the mixtures were liquid. By this means the solidus 
and liquidus curves were determined. In the case of A~Kr mixtures the 
measurements were found to be inconsistent with equation (1), i.e. o as 
calculated by this equation was a function of composition. Nevertheless, 
the actual magnitude of the vapour pressure predicted by the average 
potential theory is in very good agreement with the observed vapour 
pressure®: 4, 


Solid Liquid 


NP 
AU 


Solid 


15 


Temperature °K 
Figure 1. The P-T diagram for Kr—Xe mixtures: K, triple point of xenon, KBCG three- 
phase curve, ABCD and MN, curves for mixtures for which x 0-28 and x 0-11 


Ihe Kr—Xe system has been examined by the same method in the range 
zs=0@ to z 0-44 where x is the mole fraction of xenon. In Figure 1, 
the P-T graph ABCD « 
P the total vapour pressure at the temperature 7). The phases present 
in the mixture are: along AB solid and vapour, along BC solid, liquid and 
vapour and along CD liquid and vapour. The three-phase portions (BC, 
in this case), for all mixtures lie on the continuous curve KBCG. The 
liquid-solid phase transition points from which the phase equilibrium 


20 


f a mixture of composition x 0-28 is shown 


diagram, Figure 2, is drawn may be discovered from the intersection of the 
curves AB and DC with the three-phase curve. 

Within the ranges 0 < x < 0-04 and 0-27 < x < 0-44 the P-T graphs 
were of the form ABCD, i.e. the phase transition points and the three-phase 
curve were well defined. In the intermediate range 0-04 < x < 0-27 
irregularities in the P-7 curves make the exact form of the solidus and 
liquidus and three-phase curve (shown dotted in this region in Figure ]) 
uncertain. It is quite possible that a eutectic point exists, in which case 
the three-phase curve would have a cusp at P= 40 cm Hg and 7 114°K. 

Che uncertainty in both Figures ] and 2 arises from irregularities in the 
results obtained for all mixtures in this range, as exemplified by the curve 
MN for a mixture x 0-11. As this mixture was heated a sudden fall in 
P, accompanied by an absorption of heat, was observed. After the mixture 
had melted completely the calorimeter was cooled and the subsequent 
behaviour of the mixture may be seen from Figure 1. (The behaviour of 
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these mixtures on cooling is not properly understood and is now the subject 


of further investigation. Many mixtures within this intermediate range 
have been examined and all the P-T curves take the same form as MN on 
Figure 1. The maximum absorption of heat recorded is approximately 
90 J/mole. It may be seen from Figure 2 that the measurements of Freeman 
and Halsey do not cover this region of the phase equilibrium diagram. 


° 


160 


140 


Temperature 


80 
0 0-2 0-4 0-6 0-8 1-0 
Mole fraction of xenon 
Figure 2. The solid—liquid phas equilibrium diagram of the Kr—Xe system. Measurements 
ol vapour pressure were made at points marked by crosses by Freeman and Halsev'! 


The behaviour of the mixtures within this limited range of composition 


is consistent with the assumption that the gases, on condensation. form a 


two-phase solid mixture, the pressure fall and absorption of heat being 


associated with a transition to one single solid phase. To test whether an 


inhomogencous mixture was created solely by the method of condensation 
used, the condensation temperature was varied between 65°K and 110°K. 
In all cases the measured P-T curves took the same form. Since, however. 


the solid mixtures are clearly not in a state of thermodynamic equilibrium, 


it is not possible to assert that the existence of a stable two-phase region 
in the phase equilibrium diagram of the Kr—-Xe system has been demon- 
strated. 


fable 1. Solid solution data compared with th« ory 


\rgon-krypton 


Krypton—xenon 1350 2320 105 l 91 
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LOWER CRITICAL SOLUTION POINTS IN 
HYDROCARBON MIXTURES 


J. S. Row inson* and P. I. Freemant 


Department of Chemistry, The University, Manchester, 13, UR. 


It is common for the mutual solubility of a pair of liquids to increase with 
temperature until miscibility is complete at a critical solution point. Per- 


haps the best known systems of this kind are mixtures of hydrocarbons with 


polar liquids such as aniline and nitrobenzene, in which the upper critical 
solution temperature (U.C.S.T.) is often used as a check on the identity 


and purity of the hydrocarbons. The explanation of this phase behaviour 


issimple. The mean energy of interaction of a pair of molecules of one of the 


pure components is large because of their polarity. It is therefore energeti- 


cally difficult to dilute such a liquid with a non-polar one. As the tempera- 


ture is raised, considerations of energy become less important, and those 


of entropy become more important. Thus the miscibility increases with 


temperature. There are, however, a few systems in which the mutual 


solubility decreases with rising temperature and which are completely 


miscible only below a lower critical solution temperature (L.C.S.T.). Such 


systems are strongly hydrogen-bonded and, almost always, water is one of the 


two components. The energy of interaction of a pair of molecules in these 


systems depends strongly on their mutual orientation. At low temperatures 


a sufficiently high proportion of neighbouring molecules are able to adopt 


the orientations of low energy for the liquids to be miscible. ‘These favour- 


able alignments are broken up when the temperature is raised, and « omplete 
miscibility ends at a L.C.S.T. 

It is the object of this paper to describe a second class of systems in which 
L.C.S.T. are observed, but in which the mutual orientations of the mole- 


cules are not of great importance. Ethane is completely miscible with 


ethanol, n-propanol and n-butanol at 25°C, but Kuenen and Robson! 


showed in 1899 that two liquid phases are formed in each of these systems 


over a small range of temperature near the critical point of pure ethane. 


Figure 1 shows schematically two projections of the phase diagram of one 


of these systems. It is seen that the range of liquid immiscibility is small. It 
is bounded below by the L.C.S.T. and above by a critical point at which the 


gas phase and the liquid phase rich in ethane become identical. An increase 
of pressure raises the L.C.S.T. and increases the critical mole fraction of 
the alcohol. This line ends eventually at the gas-liquid critical point of 
the pure alcohol. These systems differ in two respects from the better-known 
class of L.C.S.T. _ First, only one of the components is polar, and not both, 
and secondly, the immiscibility is confined to a short range of temperature 


* Present address: Department of Chemical Engineering and Chemical Technology, 
Imperial College of Science and Technology, London, S.W.7 


+ Present address: National Research Council, Ottawa, Canada. 
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CRITICAL POINTS IN HYDROCARBON MIXTURES 


samples sealed in nitrogen. IV was purified from 90 per cent squalene by 
passing a 3 per cent solution in petroleum ether through a Grade H alumina 
column. The infra-red spectrum was free from OH and CO bonds. V 
was prepared by D. Mangaraj by reducing the purified IV with hydrogen 
at 100 atm over a platinum-black catalyst. The infra-red spectrum was 
free from C=C bonds. VII was prepared from stearic acid. This was 
converted into stearone’® by heating with iron filings at 300°C. The stearone 
was converted into a Grignard compound (with ethyl magnesium iodide) 
which was hydrolysed to the alcohol by ethanol. The alcohol was dehy- 
drated with tolyl-p-sulphonic acid to give an unsaturated hydrocarbon which 
was finally reduced to VII by hydrogen with a catalyst of platinum black. 
The hydrocarbon was passed through a column of Grade H alumina. The 
infra-red spectrum was free from OH and C=C bonds. The melting point 
was 27-5°C, 

Propane and ethane were supplied by the National Chemical Laboratory 
and had purities between 99-93 and 99-98 per cent. 

Solutions were made in “ Veridia ” precision-bore glass tubes of 2-00 mm 
internal diameter and 9 mm external diameter. The lower end was sealed 
to give an internally square end. The involatile component was added 
first and weighed in air. The second component was added by distillation 
in vacuo; the tube was then sealed and re-weighed. The density of the 
mixture was calculated from the length of tube, with a small correction for 
the conical shape of the final seal. A water thermostat was used at 0 35°C 
and a vapour thermostat at 35-150°C. The tubes were shaken occasionally 
and the phase changes were observed with a travelling microscope. 


RESULTS 


Hydrocarbons I1, III and VII were dissolved in propane to give mixtures 
in which the weight fraction of the heavy component was between 0-1 
and 0-6. The specific volumes of the mixtures were varied between 
+ cm®/g and 12 cm*/g and the temperature between 20° and 150°C. No 
liquid-liquid phase separation was found in any of the tubes. 

All seven hydrocarbons were dissolved separately in ethane to give mixtures 
in which the weight fraction of the heavy component was between 0-01 and 
0-5. The specific volumes and the temperature were varied between 
1 and 5 cm%/g and 0° and 35°C. Every system was found to have a 
L.C.S.T. and a gas-liquid critical point of the type shown in Figure 1. 
Che critical temperatures are listed in Table /. 


Table 1 


System LCS.7. CU Gas-liquid C.T. (°C) 
Ethane - 32-3 
Ethane + I 17 33-4 
Ethane + Il 27-7 34-5 
Ethane + III 13-4 33-4 
Ethane I\ 3-7 33-3 
Ethane \ 22-6 33-6 
Ethane Vi 10-6 32-6 
Ethane Vil < 15 32-5 
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(b) 


Figure | 


w—e 
Graphs of pressure (p) and temperature (7 
fraction (w) for ethan ethanol 
systems; 


and of temperature and weight 

: vapour pressures and compositions of the univariant 

critical of the mixtures; L, and L,, the liquid phases rich and weak 
¢, respectively. Graph (4) is not to scale 


Figure 2 
whi 


Graph of temperature as a function of weight fraction (w) for a systern in 
ich the L.C.S.T. is not rea ise of the solidification of the involatile con ponent 


02 
The ( 7.2) graph of ethane hydrocarbon III. 
is at 32-3 
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30}- 
G 
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Figure 4. The graph of temperature (7) and specific volume (v) for ethane + hydro- 
carbon III 


Two of the systems could not be cooled to the L.C.S.T. as the heavy 
component solidified. Here the temperature of the quadruple point 
(solid +- liquid + liquid + gas) is shown as an upper limit of the L.C.S.T. 
The phase diagrams of these two systems are shown schematically in Figure 
2. One system, ethane + III, was studied in greater detail than the others 
in order to establish beyond doubt that the phase behaviour is of the type 
shown in Figure 1. Figure 3 shows the (7T,w) and Figure 4 the (v,T) pro- 
jections of the (v,7,w) surface. They confirm that the system is of the type 
shown in Figure J. 


DISCUSSION 


The results obtained here establish beyond doubt that this type of immisci- 
bility is found even in mixtures of non-polar molecules of the same chemical 
type if the molecular sizes and energies of interaction of the two com- 
ponents are very different. The immiscibility is clearly caused by the 
approach of the volatile component to its own critical point. 

A comparison of the results for the hydrocarbons without rings or double 
bonds, II, V, VI and VII, shows that the greater the number of carbon 
atoms in the heavier component the lower are both the L.C.S.T. and the 
gas-liquid critical temperature. That is, the larger the heavy component, 
the less is its miscibility with liquid ethane and the less its solubility in the 
critical phase of ethane. This low solubility in the critical phase leads to 
gas-liquid critical temperatures that differ little from that of pure ethane. 
It is probable that all paraffin hydrocarbons below about Cy» are miscible 
in all proportions with liquid ethane at all temperatures up to the gas- 
liquid critical point of the mixture. It is known from the work of Kay™ 
that this is so for hydrocarbons up to C;. The results above show that the 
first paraffin hydrocarbon that is immiscible with propane must lie above 

A comparison of I with II and of III with V shows that hydrocarbons with 
saturated rings (“‘ naphthenic hydrocarbons” to the petroleum chemist) 
are less miscible with ethane than those without rings. A comparison of 
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IV with V shows that an unsaturated hydrocarbon is considerably less 
miscible than the corresponding saturated hydrocarbon. Roof and 
Crawford!? have shown recently that isobutane and phenanthrene are 
immiscible in the liquid phase at 101°C. They have not studied the change 
of miscibility with temperature but have shown that the system has an 
upper critical solution pressure at this temperature. Their (p,w) section 
appears to be that of a system of the type shown in Figure ]. This tempera- 
ture is 34°C below the critical temperature of pure isobutane, and so their 
results suggest that aromatic hydrocarbons are even less miscible with light 
paraffin hydrocarbons than are cycloparaffins or ethenes. This is in agree- 
ment with the known thermodynamic properties of more conventional 
systems'®, The original work of Kuenen and Robson! shows that the 
miscibility of polar substances is even less than that of an aromatic hydro- 
carbon. 

Gunst, Diepen and Scheffer’: have studied the phase diagram of ethy- 
lene with each of the following hydrocarbons: n-octacosane (C,y,Hs.), 
n-hexatriacontane (C,,H,,), diphenyl, naphthalene, anthracene, stilbene 
and hexamethylbenzene. In every case the melting point of the heavy 
component is too far above the critical temperature of ethylene (9°C) for 
liquid phases to be formed, but the course of the gas-liquid critical lines in 
p,7,w) space suggests that the liquids would be immiscible were it not 
for the solidification of the heavy component. 

Finally, we have shown that this type of immiscibility is very widespread 
in polymer solutions. Almost all solutions of high hydrocarbon polymers 
in solvents such as n-pentane, n-hexane and cyclohexane separate into two 
phases on heating above the normal boiling point of the solvent. This work 
has been published separately”. 


thank Dr D. Mangarajy, Mr J. C. Gardner, the British Petroleum 
1 the American Petroleum Institute Research Project 42 for the gifts of 
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RECENT REDETERMINATIONS OF THE 
PHASE DIAGRAM OF THE SYSTEM: 
TRIETHYLAMINE + WATER 


J. F. Counsett, D. H. Everetrr and R. J. Munn 


Department of Physical and Inorganic Chemistry, University of Bristol, U.K. 


Liquid mixtures which exhibit a lower critical solution temperature are 
of two types. The first type contains liquid pairs in which there is a great 
difference in molecular size between the two components!. The second, 
and by far the larger, group contains those in which interaction between 
the components occurs by means of a hydrogen bond. Triethylamine + 
water falls into the second group. 

The system triethylamine + water has been very widely studied, the 
earliest work having been done in 1884. Since then a number of determina- 
tions of the phase diagram has been made, but later work has only been 
distinguished by the large number of different results that has been obtained. 
In Figure ] several earlier diagrams are illustrated. 
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Figure 1. Previous results for the system: triethylamine + water: A Guthrie*; [7] Rothmund?; 
Roberts and Mayer*; + Copp*; © Counsell*® 


It is well known that the exact shape of a phase diagram is a sensitive 
criterion of the purity of the materials used. It therefore seems likely 
that the variety of results can be traced to lack of attention to the purity 
of the samples. 
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In recent years a number of redeterminations of the phase diagram has 
been made and, while the general shape has become clear, it seems of 
interest to redetermine it so as to eliminate any final points of doubt. 

It has been noticed by previous workers that, even after rigorous 
purification of the components and sealing of the samples under vacuum in 
glass ampoules, the phase separation temperature decreases with time. 
In Figure 2 are shown the results with a set of initially pure samples sealed 
m vacuo in “ Pyrex” glass by J. F. C. and re-examined eighteen months 
later by R. J. M. The lowering of the phase separation temperature was 
probably caused by solution of the glass of the sample tube, leading to the 
introduction of a small quantity of silicate ion which in turn affected the 


phase diagram. 
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PHASE DIAGRAM OF TRIETHYLAMINE AND WATER 


Following Copp’, the fractions accepted from the final distillate were those 
for which the corrected condensation temperature at the still head was 
tC, where ¢ is given by (¢ — 89-50) 0-042 (P — 760), P the atmospheric 
pressure in turn being corrected to standard conditions. The temperature 
at the still head could be controlled to +0-01°C. 

The water used in all experiments was conductivity water with a specific 
conductance of 4 « 10-7 Q cm. 

The samples were prepared by distilling weighed quantities of the liquids 
into the silica sample tube under high vacuum. Before the final distillation 
into the sample tube, the liquids were degassed by frequent melting and 
freezing under vacuum. The sample tube was cleaned with chromic acid, 
nitric acid and distilled water, then baked out at 400°C for twelve hours. 

The phase separation temperature of a sample was found by placing the 


silica tube, attached to the bulb of a large mercury-in-glass calorimeter 
thermometer, inside an unsilvered Dewar vessel, which in turn stood in a 
large thermostat. Both the Dewar and thermostat were fitted with efficient 
stirrers. By a judicious selection of the temperature in the thermostat, 
it was possible to raise the temperature in the Dewar at the rate of 0-1°C 
an hour. The observation of the phase separation temperature presented 


no particular problems. The phase separation temperature was taken as 
that at which the first heterogeneity appeared in the sample. 

In order to minimize any effects due to contact between the sample and 
the silica vessel, the phase separation temperature was determined as 
shortly after the sample’s preparation as possible. In retrospect this 
precaution seems to have been unnecessary as the phase diagram determined 
18 months later with the same samples showed a maximum fall of 0-08°C 
in the phase separation temperature at the highest amine concentration. 
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Figure 3. A Kohler and Rice’; © present work 
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RESULTS 
In Fiewre 3 the results of the present work are compared with those of 
Kohler and Rice’ The agreement with the work of Kohler and Rice is 
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COMMISSION ON CHEMICAL THERMODYNAMICS* 


RESOLUTION ON PUBLICATION OF 
CALORIMETRIC AND THERMODYNAMIC DATA 


In 1953 the 8th Calorimetry Conference adopted a resolution outlining 


minimum publication standards for the guidance of authors, editors, and 
referees of calorimetric papers. Because this resolution has helped improve 
the quality of such papers, the l4th Conference 1959) authorized the 


reparation of a revised resolution on p blication that would be more 


consistent ith the expanded scope of the Conference and the present 
tate of « wimetric science he revised and expanded resolution that 
foll is adopted by the 15th Conference at Gatlinburg, Tennessee, 


INTRODUCTION 


[his resolution is addressed not only to the specialist in calorimetry and 


also to those who determine and publish 


thermodynamic data as a subordinate part of their research. We urge all 
vho publi thermodynamic data, for whatever purpose determined, to 
ler the iweestions to follow, so that maximum benefits from thei 

rk may be realized. We also recommend this resolution to journal 


editors and referees as a set of carefully considered criteria for judging the 


and acceptability of papers reporting calorimetric data. 


GENERAL PHILOSOPHY 


[he very nature of chemical thermodynamics imposes special burdens on 


the author of a paper reporting the results of calorimetric investigations. 


Because the body of thermodynamic data is highly interdependent, he must 


give enough information about his experiments to allow others to appraise 
the precision and accuracy of his results for proper consolidation with the 
exisung body of data. Further, as accepted value ol physical constants 


change, or as new thermodynamic data for related systems become available, 


later investigators often can recalculate results based on good calorimetry, 


however old it may be. For these reasons, an author’s first responsibility 


to report his results in a form related as closely to experimentally observed 


quantities as is practical, with enough details of the experiments and 


* F. D. Rossini, President (U.S.A.), K. Schaefer, Secretary (German Federal Republic 
]. Coops (Netherlands), D. M. Newitt (U.K.), K. S. Pitzer (U.S.A.), H. A. Skinner (U.K.), 
B. Vodar (France), G. Waddington (U.S.A 


339 


a 
September, [960 
cl 
p.A.c, (1 >NOS. I 2) 22 
7 


SECTION OF PHYSICAL CHEMISTRY 


auxiliary information to characterize the results completely. For the 
convenience of the reader, the author should interpret and correlate the 
primary data, as appropriate, and present derived data in a form easy to use. 
However, derived or secondary data should never be published at the cost 


of omitting the primary data on which they are based. 


NECESSARY AUXILIARY INFORMATION 


Detailed auxiliary information is required to characterize the results of 


any definitive thermodynamic study. Applicable items listed in the 


following paragraphs should always be given either in full or by reference 


to accessible earlier publications containing full details. 


Apparatus and procedures 


\ complete description of the apparatus and procedures, including 


details of the reaction container or calorimeter vessel, the controlled environ- 


ment, and the temperature and time measuring systems; the method of 


calibration and the sensitivity of measuring instruments such as thermo- 


meters, bridges and potentiometers, timing devices, and flow meters: the 


method of determining the energy equivalent of, or otherwise calibrating, 


the system; the observational procedure; the method of data reduction: 


and the precision and accuracy of the results obtained, preferably estab- 


lished by using recognized reference substances such as the Calorimetry 


Conference samples of n-heptane, benzoic acid, and aluminium oxide for 


heat capacity or enthalpy measurements, or standard benzoic acid for 


combustion measurements. 


Materials 


The source of and or method of preparing all materials used, including 
calibration, reference, and auxiliary substances; experimental values for 


analyses and pertinent physical properties of materials, and criteria of 


purity; and method of storing samples and preparing them for calorimetric 
measurements, if important. 


Auxiliary data 


Atomic or molecular weights; fundamental physical constants; tem- 
perature scales; units of energy and relationship between units; and values 
of thermochemical or thermodynamic data taken from the literature, with 
sources. The absolute joule or the defined thermochemical calorie equal 
to 4-184 absolute joules exactly and the International Temperature Scale, 
with the definition 0° Celsius (International 273-15° Kelvin (Inter- 
national), are recommended. 


PRESENTATION OF RESULTS 


It is not practical to give detailed recommendations for presenting the 
results of all kinds of thermochemical or thermodynamic investigations. 
However, the following paragraphs give recommendations for some im- 
portant kinds of thermodynamic studies and will serve as guides for others. 
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SECTION OF PHYSICAL CHEMISTRY 
Thermochemical data 


The following experimental data should be included if applicable: 
Energy equivalent of the calorimetric system; mass of sample and/or mass 
of product used in determining the amount of reaction; masses of auxiliary 
substances; corrected temperature increment; total observed energy 
change; ignition energy; chemical and physical specification of the initial 


and final states of the reaction; conversion to “* standard ”’ concentrations; 
corrections for side reactions; allowances for energy changes due to flow of 
gases, stirring, or other effects; allowances for energy from auxiliary sub- 
stances: reduction to standard states, such as the “‘ Washburn corrections ”’ ; 
temperature of experiments; and final experimental heat of reaction and 


uncertainty interval, with the chemical reaction to which the result applies. 


Thermal data 

The following information is considered indispensable for delineating the 
femperature dependence of thermodynamic properties of non-reacting 
systems, ascertaining the influence of thermal history on measured pro- 
perties, and evaluating the precision of the results: A table of experimental 
values of heat capacity or enthalpy increment; the actual temperature 
increments used in the measurements when important (e.g., in transition, 
pre-melting, or anomalous regions), either explicitly or implicitly by 
chronological presentation of data or by a general statement; indication of 
values adjusted for curvature or pre-melting; values of the heat and tem- 
perature of essentially isothermal phase changes; and an estimate of the 
accuracy uncertainty of the results. These primary experimental data 
should be supplemented, but never supplanted, by a tabulation of smoothed 
values of thermodynamic properties at selected temperatures. Where 
applicable, such tabulations should include values of the Gibbs free energy 
function (F H3)/T, enthalpy (heat content) function, (H Hs>)|T, 
entropy, S, heat capacity, Cp (or Cgata.), and enthalpy, H — Hy at 5 
intervals from 0° to 50°K, 10° intervals from 50° to 300°K or slightly higher 
temperatures, and 50° to 100° intervals at higher temperatures, with appro- 
priately smaller intervals in regions of thermal anomaly. Values at the 
two important reference temperatures, 273-15° and 298-15°K, and at the 
temperatures of phase changes should be included in the tabulations. 
Graphical or analytical representation of the results is sometimes worth- 
while for the convenience of the reader, but such representations are seldom 
a satisfactory substitute for tabular presentation of accurate experimental 
results. 


Calculated thermodynamic functions 


As the usefulness of calorimetric data is often extended by giving cal- 
culated thermodynamic functions based on them, recommendations for 
presenting this kind of thermodynamic data are included here. The 
following information, with sources, is needed to characterize the results of 
statistical thermodynamic calculations: Details of the molecular model 
used, including bond distances and angles, specification of the exact con- 
formation, moments of inertia or rotational constants, and symmetry 
number; complete vibrational assignment; parameters used for calculating 
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THE IMPACT OF STUDIES OF NATURAL 
PRODUCTS ON CHEMICAL INDUSTRY 


A. STOLL 
Sandoz Lid., Basle 13, Switzerland 


I regard it as a great honour to be able to speak to you at this opening 
ceremony of the Symposium on The Chemistry of Natural Products. 
I would like to express my sincere and heartfelt thanks to the Australian 
Academy of Science. and especially to the Organizing Committee. for the 
invitation which they extended to me and which | accepted with great 
pleasure. 

his is my first visit to Australia, and I am dk lighted to have the oppor- 
tunity of becoming personally acquainted with your country, for I have 
heard so many pleasant and charming things about Australia and its people. 

Until recently, Australian economic life was confined mainly to agricul- 
ture Now it has entered a new phase, and far-reaching industrialization 
is developing rapidly. That may well be one of the reasons why the 
Organizing Committee invited me, as a man who has studied natural 
products for fifty years and who has been manufac turing some of them on 
an industrial scale for forty years, to illustrat the chemistry of natural 
products more from the practical, that is, from the industrial side. In 
this short address I can give only a few examples from an immensely large 
field, for almost the entire organic chemical industry originated in the 
study of natural products, 

One of the oldest branches of this industry. dating back one hundred 
years, is the dyestuffs industry. Until the middle of the nineteenth century. 
indigo and alizarin, both of vegetable origin, were the most important 
materials used for the dyeing of textile fibres. Baeve1 worked for decades 
to elucidate the chemical constitution of indigo. In 1878 he achieved 
the first synthesis of indigo, but we know from another synthesis which he 
carried out subsequently that the process involved was wasteful. In 1890, 
Heumann of Zurich performed the first technically usable synthesis of 
indigo, based on the work of Baever. 

A similar course of events was followed in the case of the other important 
natural dyestuff, alizarin, the chemical constitution of which was elucidated 
by two pupils of Baeyer in 1868. These two young chemists, Graebe and 
Liebermann, also succeeded in synthesizing alizarin. 

Even the first artificial dvestuff. mauveine, which was prepared in 1856 
by the extremely gifted chemist Perkin when he was seventeen years old, 
owes its origin indirectly to a natural substance. Perkin’s teacher, Hoffmann, 
of the Royal College of Chemistry. suggested to him that he should attempt 
to synthesize quinine, which was highly valued because of its beneficial 
effects on malaria. In his preliminary studies Perkin discovered mauveine. 
rhis provided a basis for the world-wide development of the dyestufis 
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industry; the greatest stimulus was, of course, given to the so-called “‘ benzol 
chemistry *’, and this engaged the interest of most chemists until well into 
the twentieth century. 

At that time, investigations on natural products played a minor rdle, 
even though the profound investigations of Fischer and his school on 
proteins and the amino-acids from which proteins are built up, and on 
carbohydrates, were of great scientific importance. These investigations 
did not find any direct industrial application. They must be regarded, 
together with investigations on natural rubber, as important preliminary 
work that has since become of major significance to industry, namely for 
the manufacture of high polymers in the synthetic fibre and plastics 
industries of today, which have developed on such a colossal scale. 

A new era in the study of natural substances was initiated early in this 
century by the investigations of Willstatter and his school on chlorophyll. 
Although chlorophyll, the colouring matter of leaves, had long been known 
to research workers, and its fundamental importance in the conversion of 
carbon dioxide in the air into organic substances under the influence of 
light was realized, the investigations on this widespread and important 
colouring matter did not lead to clear-cut results until Willstatter began 
his studies, for the usual chemical methods of investigations produced 
profound changes in the chlorophyll molecule. As long as the chlorophyll 
in leaves (like the blood pigment in haemoglobin) is bound to high-molecular- 
weight substances such as proteins, it is perfectly stable and resistant to 
light and to weak acids, but these can easily destroy the dyestuff dissolved 
out from leaves. Alkalis, oxygen from the air, and even enzymes induce 
changes in the chlorophyll molecule. 

Chlorophyll plays a very minor réle in industry, but it was from chloro- 
phyll that we learned and developed many of the methods necessary for the 
preparation of highly sensitive substances, for chemical changes in chloro- 
phyll could be easily observed with the naked eye or with the spectroscope. 
A further complication in the investigations on chlorophyll was the fact 
that the leaf colouring matter is not a uniform substance but consists of two 
yellow components, carotene and xanthophyll, and two green components, 
chlorophyll a and chlorophyll 6. The two chlorophylls are very similar in 
composition and properties. It was not possible to use chemical methods 
to separate them because of the risk of decomposition. Only with the 
aid of physical methods, e.g. chromatography—as used first in 1912 by 
Tswett—or separation between non-miscible organic solvents, was it 
possible to obtain the pure components, chlorophyll @ and chlorophyll 6; 
the latter procedure was later developed systematically and led to Craig’s 
counter-current apparatus. 

From this example of chlorophyll, we learned how to purify and isolate 
sensitive natural products by means of physical methods and without using 
chemicals, not only on a laboratory scale but also on an industrial scale. 
The studies on chlorophyll revealed that enzymes may occur in living cells 
which break down, to some extent, the natural products which one is looking 
for. Thus chlorophyll is broken down by chlorophyllase, an enzyme which 
splits off the phytol ester group if chlorophyll is slowly extracted with an 
organic solvent. 
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The observations made during the study of chlorophyll proved of great 
assistance to us in the isolation of the cardiac glycosides. We were able to 
recognize that enzymes were splitting off sugars from the native glycosides 
during the extraction processes. This cleavage could be prevented if we 
wanted to isolate the glycosides in their native state. Alternatively, it 
enabled us to subject the latter to controlled, step-wise enzymatic 
degradation. 

In his investigations on chlorophyll, and later on anthocyanins and 
enzymes, Willstatter followed a principle of his teacher, Baeyer. He 
writes about this in his autobiography! and reports that Baeyer said: 
“What are the distinguishing features of the great scientist? He should 
not govern but listen, he should adapt himself to what is heard and re-model 
himself on it. . . . This is what the old empiricists did: they lent an ear 
to Nature. The modern scientist does the same and I have also tried to 
do it. A very special influence is exerted on men when they approach 
nature. They develop quite differently from someone who approaches 
nature with a preconceived idea.”’ Willstatter himself remarked: ‘“‘ In 
these words Baeyer associates himself with Francis Bacon’s view that Nature 
is not to be governed except through obeying her.” 

The chemistry of natural products and its industrial exploitation under- 
went an expansion that could hardly have been foreseen, following the 
research work carried out on hormones, vitamins and antibiotics in the 
nineteen-thirties and nineteen-forties. 

Hormones are the products of internal secretion glands, and are carried 
in the blood to the effector organs where they exert the most diverse effects. 
With the exception of a few very simple hormones such as adrenalin and 
serotonin, hormones are generally complicated substances. The great 
majority, such as the adrenocortical hormones and the sex hormones, are 
derived from steroids and can be prepared, on a technical scale, from readily 
available substances by chemical treatment, by partial or total synthesis. 

Many other hormones such as insulin, oxytocin and vasopressin are 
polypeptides. The composition and the structure of insulin, the anti- 
diabetic hormone, have been elucidated by the brilliant work of Sanger. 
The total synthesis of insulin, which consists of fifty-one amino-acids arranged 
in two parallel chains, has not yet been effected. In preparing insulin 
today we are still dependent on the pancreas for our starting material. 
Nevertheless, it has proved possible to synthesize on an industrial scale 
simpler polypeptide hormones, such as oxytocin and vasopressin, which 
consist of eight amino-acids arranged in a ring. 

The chemistry of the vitamins forms one comprehensive chapter within 
that of the natural products. Vitamins are so-called additives to nutrition, 
which are indispensable factors for growth and the normal metabolism of 
human and animal organs. As long ago as the beginning of the twentieth 
century they were considered to be of vital importance, and were therefore 
given the name vitamins in 1911 by Funk. However, twenty years elapsed 
before they were isolated and their constitutional formulae were elucidated. 
In 1931, Karrer obtained a highly effective concentrate of Factor A and 
was able to determine the constitution of Vitamin A. This was the first 
determination of the chemical structure of any vitamin. In 1933, Haworth 
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and Reichstein synthesized Vitamin C. In 1935, Kuhn and Karrer 
synthesized lactoflavin (Vitamin B,). In 1936, Williams synthesized 
aneurin (Vitamin B,). In the same year, Brockmann isolated Factor D, 
the anti-rachitic factor, and ascertained that it was identical with a 
cholesterol derivative obtained by Windaus at almost the same time. 

Subsequently, whole series of vitamins were elucidated. Kuhn succeeded 
in synthesizing lactoflavin-5-phosphoric acid, which combined with War- 
burg’s protein components to form the fully effective “ yellow enzyme’ 
This provided proof that a vitamin acts as a prosthetic group of an 
enzyme. 

Only in the last de ade has it proved possible to elucidate the structure 
of the important anti-anaemic principle, Vitamin B,.. This was prepared 
in a crystalline form almost simultaneously in England and in the United 
States in 1948. More detailed investigations were then carried out bv the 
Folkers group in the Merck organization and by Todd and his associates in 
the University of Cambridge. The main portion of the molecule has a 


porphyrin-like structure with cobalt. built in a complex bond. The formula 
was elucidated with the aid of X-rav studies performed in Hodgkin’s lab- 
atory at Oxford. 

In view of the great importance of vitamins to human beings and to 


animals, it is not surprising that, with the exception of B,,, they are prepared 


on a large scale by total swnthesis Che value of production of vitamins for 
the United States in 1958, announced recently by the ( ensus Bureau, was 
100 million dollars at manufacturers’ level?. 

Production figures are even higher for the antibiotics. Biologists, bio- 
chemists and industrial chemists have been feverishly active in the last 
decades, an activity that has not previously been experienced in the field 

! organic chemistry. You know the story of the discovery of penicillin, 


the first antibiotic, by Fleming in 1929, and its isolation. associated with 
the first clinical trials, by Florey and Chain in Oxford some ten v ars later. 
The sulphonamides, which derive from purely synthetic dyestuffs chemistry, 
had already been successfull, employe d in the treatment of many infectious 


diseases, but with the coming of penicillin, a new era began in this important 


branch of me dicing A search was then made for further antibiotics, count- 

less soil samples being studied for strains of fungi and bacteria. As a result. 

a great number of substances inhibiting the growth of pathogens were 

isolated. However, only a relatively small number met the r quirements of 

high potency against pathogens and relative absence of toxicity. Some 

examples, in addition to penicillin, are streptomycin, its dihydro-derivative, 


and tetracycline. 

The chemical structure of most antibiotics has been elucidated. They 
have been found to be relatively low-molecular-we ight compounds, although 
In some instances they have a rathet complicated structure. onsequently, 
even in those instances where synthesis has been effected on a laborator, 
scale, no attempts have been made to synthesize them on an industrial scale. 
Chis work is left to the skilful micro-organisms: a suitable composition of 
the nutrient substrates and favourable physical conditions, such as tem- 
perature and ventilation of the cultures, leads to optimum development of 
he antibiotics. The growth of the micro-organisms takes place in culture 
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tanks containing up to 400,000 litres, such as are used in the United States. 
The antibiotics are isolated in various ways from the cultures and then 
prepared in crystalline form. 

The antibiotic sales of many pharmaceutical firms amount to as much as 
50 per cent of the annual turnover. The United States production of anti- 
biotics for human use in 1958—announced by the Census Bureau—amounted 
to 362 million dollars at manufacturers’ level?. 

Antibiotics, vitamins and hormones are products of research in recent 
decades. By contrast, the use of medicinal plants is much older. These 
have been used by man for some thousands of years. Until the middle of 
the nineteenth century they were, with few exceptions, the only material 
available for treatment and prevention of diseases. Throughout the 
middle ages the materia medica of plant origin seemed to be far more important 
and more respectable than, for instance, surgery. They were subject to 
the very strict regulations of the medical faculties. 

It was, therefore, a natural development at the beginning of the nineteenth 
century, when modern chemistry and pharmacy began to develop, to study 
medicinal plants. Sertiirner recognized and isolated morphine, the hyp- 
notic and anaesthetic principle of opium, in 1805. Subsequently a 
whole series of other plants was investigated to detect similar products. 
Some of them were found to be complicated organic compounds of a basic 
nature. In view of their alkaline properties, which are due to their nitrogen 
content, they were called alkaloids. Many of them were shown to be the 
actual therapeutic agents, ¢.g. quinine from Cinchona bark used in the treat- 
ment of malaria, atropine from Atropa belladonna, and many others. 

In more recent times, reset pine has been obtained from Rauwolfia serpentina, 
and the curare alkaloids have been isolated from South American poisonous 
plants or plant juices which the natives use as arrow poisons. Not all 
alkaloids, and there are some hundreds of them. have proved to be useful 
drugs, but many have become so well established in the medical armoury 
that they are used every day by doctors. 

Until well into the nineteenth century, the preparation of drugs from 
plants or animal organs was exclusively the responsibility of the pharmacist. 
At first, extracts, and later pure substances, were prepared on an ever- 
increasing scale as the demand grew: finally, they were prepared in small 
factories, and thus began research on the rational preparation and chemical 
elucidation of the active principles. It was realized that the active contents 
varied greatly with the quality, particularly with respect to the origin and 
storage of the raw material. Some active principles decompose on storage, 
so that the only way to provide the doctor with a reliable drug is to isolate 
the pure substance so that it can be dosed according to weight, thus excluding 
variations in effectiveness. Only when the pure material is available is it 
possible to carry out chemical analysis and elucidate the constitution: then 
synthesis can be attempted. 

Many of the plant alkaloids which are of importance in medicine today 
are obtained from hundreds of tons of plant material, either growing wild 
or, more recently, specially cultivated. The beautiful, crystalline, pure 
substances are then processed to make tablets, oral solutions, syrups, ampoule 
solutions, efc. 
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The vegetable kingdom provides us not only with alkaloids but also with 
many other highly active substances, for example, the cardiac glycosides 
obtained from Digitalis species, the therapeutic effect of which was first 
recognized by the English doctor Withering in 1785. It was not until 
1859 that the French pharmacist Nativelle succeeded in isolating one of 
these glycosides, “ digitaline cristallisée’’. Today there are a great 
number of such cardiac glycosides of plant origin. However, it was shown 
that all the cardiac glycosides obtained in crystalline form up to 1930 were 
actually products obtained by enzymatic cleavage of the native glycosides. 
Today, the original, native glycosides are prepared on a large scale in 
industry. Some are subjected to enzymatic cleavage. In view of the 
increasing importance of cardiovascular diseases, these preparations are 
becoming indispensable. A change-over has, therefore, been made to 
selecting plant strains which are rich in glycosides, and cultivating them 
on a large scale so that we are no longer dependent on the wild plants as 
a source of raw material. Earlier, similar attempts at cultivation were 
made on a large scale in Indonesia with respect to Cinchona. For instance, 
various species were crossed in order to obtain bark which was rich in 
quinine. 

[he preparation of drugs is therefore not only of industrial but also of 
agronomical interest. 

The vegetable kingdom of Australia’ and the neighbouring islands, 
particularly those in the tropics, certainly includes as yet unknown natural 
products which may be used for therapeutic and other purposes. Australian 
research workers have already been active, and with success, in this field. 
The lectures by Dr Price and by Dr Mathieson will certainly provide 
us with interesting data on this work. 

In this connection, I would like to refer to the recent working-up of 
species of Rauwolfia. 1t was Rauwolfia serpentina, which is found particularly 


in India, that was used for centuries in folk medicine “ for all the ills of 


an 


It was used for epilepsy, insomnia and insanity. 

It was prescribed for dysentery, diarrhoea and cholera. 
It was considered valuable in headaches and blindness. 
It was a standard treatment for a wide variety of fevers. 


It was applied as an antidote for insect bites and snake bites. 


This last indication, “* an antidote for snake bites *’ was mentioned to me 
as late as 1952 in Madras. It may well be that the popular belief that 
Rauwolfha was a panacea was responsible for the medical schools’ refraining 
from using this plant for such a long time. Nevertheless, in the 1930's, 
Indian doctors were able to establish beyond doubt that the powdered root 
of Rauwolfia serpentina can be used successfully in states of excitement and in 
hypertension. Attempts were made to find the active substances and a 
great number of alkaloids were isolated from the various species of Rawwolfa. 
Unfortunately, the first alkaloids isolated some thirty years ago by Siddiqui 
and Siddiqui: ajmaline, ajamalinine and ajmalicine, as well as serpentine 
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and serpentinine, possessed no interesting pharmacological properties. 
Some twenty years, therefore, elapsed before Schlittler and his associates 
succeeded in isolating three highly potent alkaloids. One of these, reserpine, 
is effective in states of excitement and high blood pressure in human beings 
when given in fractions of a milligram. The action of reserpine is hypo- 
tensive and sedative. Schlittler also succeeded in elucidating the chemical 
structure of reserpine and other Rauwolfia alkaloids. The quite recently 
reported synthesis of reserpine by Woodward is a brilliant achievement. 
Nevertheless, it is still more economical to obtain the alkaloids from the 
roots of Rauwolfia than to obtain them by synthesis. It is estimated that the 
value of the annual production of reserpine is 20 million dollars. Use is 
made not only of Rauwolfia serpentina from India but especially of Rauwolfa 
vomitoria from Africa and Rauwolfia tetraphylla from Central America. 

To conclude my address, I would like to outline my personal experience 
of investigations in one particular field and its industrial exploitation. 

When rye is flowering, the naked seed buds can be infected by filamentous 
spores from a fungus. Instead of the grains of rye you then have prolifera- 
tions, which, when the rye is mature, project from the ears as dark-brown 
horn-shaped sclerotia. These are the mycelia of the fungus Claviceps 
purpurea, the form in which the fungus spends the winter in the ground. 
In the spring the sclerotia germinate and spores are formed which infect 
the rye. 

The brown horn-shaped sclerotia are best collected before the rye is 
harvested. For centuries they were used in popular medicine under the 
name “ Secale cornutum”’. They were mentioned for the treatment of 
post-partum haemorrhage by the Frankfurt doctor Lonicerus in his herbal 
book published as long ago as 1582. It was not until Stearns, an American 
doctor, published in 1808 a paper entitled ‘‘ Account of the Pulvis Parturiens, 
a Remedy for Quickening Child Birth ”’, that the drug was used in medical 
schools. The chemists then attempted to isolate the active principles but 
were unsuccessful for a long time. In 1875, the French pharmacist Tanret 
was able to isolate the first alkaloidal preparation, “ ergotinine cristallisée ”’. 

At the beginning of this century, Barger and Carr, and the Swiss phar- 
macist Kraft isolated ergotoxin, but this product was scarcely used in 
medicine. One reason for this was, as I shall show later, that the ergotoxin 
preparations were not uniform, their composition varying greatly. On the 
other hand it was known that the effectiveness of extracts from ergot was 
subject to extraordinary variations, depending on the origin and the age 
of the raw material and the decomposition of the active principles during 
storage. The use of weak or inactive ergot preparations could be disastrous 
in post-partum uterine atony. The first task, therefore, was to isolate the 
active principle in a pure form so that it could be dosed according to weight. 
This task was fundamentally completed in 1918, when it proved possible to 
isolate, in crystalline form, ergotamine, a highly active alkaloid. Soon 
the alkaloid was prepared on a technical scale. The experience gained 
in the studies of chlorophyll facilitated the isolation of the highly sensitive 
substance ergotamine. Subcutaneous injections of } mg of ergotamine 
elicit a rapid and long-lasting contraction of the uterus, thus stopping life- 
endangering haemorrhage. 
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unprovement in hypertension due to increased cerebral oxygen uptake, 
which may or may not be accompanied by a fall in blood pressure. This 
property is most pronounced in the case of the hydrogenated alkaloids of 
the eTwWoUoxin group. 
Phe structure of ergometrine is simpler than that of the other alkaloids. 
gometrine there is an amide-like linkage of lysergic acid with an 
amino-alcohol. aminopropanol. If the amino-alcohol is replaced by a 
diethylamide group we obtain one of the most potent substances known. 
Even one-thirtieth of a milligram taken by mouth elicits, after thirty minutes. 
marked mental changes, such as occur in schizophre nia, accompanied by 
hallucinations, ef The extraordinarily violent effect of lysergic acid 
diethylamide (LSD-25) is an obstacle to the more widespread use of this 
substance in therapeutics. At the moment its use is confined to psycho- 


ANAIVSIS 


The aminopropanol group in ergometrine can be replaced by amino- 
butanol Phis leads to a methyl homologue of « rgometrine with a markedly 
enhanced and longer-lasting contractile effect on the smooth muscle of the 
uterus 


On the other hand, if the hydrogen on the indole nitrogen of the ly serge 
d moiety of ergometrine is replaced by a methyl group, we obtain the 
Most potent antagonist of serotonin, a neurohumour normally occurring in 
the bodys Phe therapeutic possibilities of this synthetic derivative have 
not vet been fully el icidated Ne verthe le ss, it has proved in some cases to 


be more potent than adre nocorticoid hormones. 


The marked widening of the range in which the ergot alkaloids and their 
derivatives are used resulted in a significantly greater demand for the raw 
material, so much so that supplies were inade quate. A change-over there- 
lore had to be made to the artificial infection of rve fields. This was 
initially done by hand, and later by special machines. In his book‘, Barger 
estimated the world consun puion of ergot to be 100 tons. The require- 
ments today for pure preparations are many times as great, even though we 
use raw materials with a higher alkaloid content and protect the sensitive 
substances against degradation. 


In previous centuries and even until quite recently, ergot, appearing as a 


poisonous impurity in cereals, was often the cause of serious large-scale 
poisoning of the population. By means of exemplary co-operation between 
chemical, pharmacological and medical resear: h, ergot has evolved as the 
essential basic material for the production of important drugs, and today it 
must be cultivated in order to satisfy the needs of the industry and medicine. 
An enemy of man has been transformed into a friend. 

Studies of natural substances not only increase and deepen our scientific 
knowledge, but also provide a basis for a highly developed industry which 
provides countless people with their daily bread. and helps to raise living 
standards and to treat or prevent disease. In this way excellent services 
are rendered to humanity. One of the most noteworthy endeavours of 
scientific research is to give the benefits of its splendid achievements to ever 
wider circles of the world’s population. The Symposium which begins 
here today will also assist these endeavours handsomely. 
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NATURAL PRODUCT CHEMISTRY—RETROSPECT 
AND PROSPECT 


Str ALEXANDER Topp 


The University Chemical Laboratory, Cambridge, U.K. 


As a part of this Symposium, with its specialist lectures and scientific 
communications in which the latest results in natural product research are 
being reported, it is my task—and a rather difficult one—to attempt a 
broad review of the field, to consider its development and its present status, 
and to attempt an estimate of its future. Natural product chemistry is 
essentially a part of organic chemistry, itself one of the most remarkable of 
all the sciences, and one which is usually regarded by the layman as one 
of the most abstruse and remote from everyday life and thought. This 
view, is, perhaps, based on its content of jargon and its use of abbreviated 
molecular formulae as a kind of hieroglyphic script. It is hard to believe, 
however, that a science can properly be described as abstruse which per- 
meates almost every material aspect of modern civilization, which stands 
as the bridge linking the physical with the biological sciences, and which is 
perhaps the biggest of the sciences in its factual content and in the number 
of its adherents. Organic chemistry is, I believe, the most logical of the 
sciences, and in its history of little more than a hundred and fifty years it 
has suffered fewer theoretical upsets than other science. It is a remarkable 
fact that the whole towering edifice of modern organic chemistry rests 
essentially on three basic concepts propounded in the third quarter of the 
nineteenth century—the concept of fixed combining power or valence due 
to Frankland, the Kekulé-Couper theory of the tetravalency of carbon and 
the capacity of carbon atoms to join together into chains and rings, and 
the van’t Hoff-Le Bel tetrahedral carbon atom which gave us stereo- 
chemistry. All of these concepts were purely empirical, but they have 
stood the test of time and, on them, the whole of the science rests; advances 
in theory have certainly occurred since they were enunciated, but these 
advances have been essentially refinements giving more precise meaning to 
them, and have in no way upset or destroyed their essential validity. I 
doubt whether the same could be said of any other science. 

There have been two definitions of organic chemistry. Historically the 
first, due to Berzelius, was “‘ the chemistry of substances found in living 
matter’. The second, commonly ascribed to Gmelin, first appeared about 
fifty years later, when more was known about the peculiarities of substances 
found in living matter, and was quite simply “ the chemistry of the carbon 
compounds’. Each of these definitions has some validity, but neither is 
wholly satisfactory, since the first is too restricted and the second, in certain 
respects, too general. A very large number of the carbon compounds 
known today are of purely synthetic origin and do not, as far as we are 
aware, occur in living matter. But it is undoubtedly true that the study 
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of substances which are found in living organisms has provided most of the 
maior stimuli to the advance of organic chemistry throughout its history, 
and there is everv reason to believe that it will continue to do so. After 
all. it was Pasteur’s work on the tartaric acids that paved the way for the 
theorv of van’t Hoff and Le Bel; the anthraquinone dyes stem from the 
work of Graebe and Liebermann on alizarin from madder root (and let 
us not forget that Perkin’s famous mauve dye resulted from an attempt to 
synthesize quinine); and work on polymerization and plastic materials goes 
back to the work of Harries on natural rubber. Many other examples 
might be quoted: in current organi chemical literature one is struck by 
the prominence of the ideas assoc iated with conformational analysis, 
developed notably by Hassel and Barton. It could be argued that this con- 

pt goes back to the theoretical work of Hiickel on the fused-ring system 
of the decalins, and Hiickel rece ived the stimulus to that work from the studies 


of Windaus on isomerism among the sterols. The direct study of substances 


found in living matter or, more briefly, of natural products, is as old as 

chemistry itsel It has been evident in organi chemistry throughout its 

historv. although it has only become a dominant feature of the science 

luring the present century. Its rise to a position of dominance was re- 
latively sudden. and it is interesting to consider why this was so. 

nal impetus to natural product chemistry—and, indeed, the 

hemistrv into inorganic and organic sections—undoubtedly 

and the use of natural drugs in its practice, and was 

partly commercial in character. Already in the 

what we may describe as scientific medicine was unde 

as extracts ol Digitalis and Cinchona were being used 

1 in connection with medical work, the animal product 

was isolated and described by Poulletier in 1780. First the 

ists and then the chemists, actuated by curiosity or by the prospect 

ial reward. began to busy themselves with the extraction and 

tion of natural drugs known to be of value, and to study their 

this turned out to be far from easy, and indeed the decision 

things 1 a separate section of the science to be called 

rv was little more than a contession that the natural produc ts 

different from, and much more complicated than, the inorgani 

substances of the mineral world. One thing soon became clear: the 

natural products were all compounds of carbon and contained few othet 

elements bevond hydrogen, oxygen, and nitrogen; and until a lot more was 

known about carbon chemistry, both theoretically and practically, little 

progress was likely to be n ade. So it was that the nineteenth century saw 

relatively little progress in the natural products fie ld, such progress as there 

was being largely confined to the last two decades of the century. First 

the general theory of organic chemistry was developed, and then the experi- 

mental methods necessary for structural elucidation and synthesis of organic 

compounds, these latter stemming in part from the development of the 

organic chemical industry, notably in Germany, towards the end of the 

nineteenth century. But let us not forget that it was from work aimed at 

natural products in the shape of colouring matters that the dyestuffs industry 


developed. Nor should one forget the continuous and often unrewarding 
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effort of the workers in the field of physiological chemistry in the second 
half of the nineteenth century—work which has provided a base-line for 
much more recent organic chemical studies, and which also gave birth to 
the now flourishing science of biochemistry. And here let me note in 
passing that organic chemistry and biochemistry are complementary, and 
indeed merge into one another in the natural products field, so that distinc- 
tion between them is at times rather artific ial. 

One cannot, of course, put precise dates to changes in scientific patterns, 
but round about the beginning of the twentieth century natural product 
chemistry suddenly started to come into the forefront of organic chemistry. 
One reason for this was, no doubt. the appearance of some scientific giants 
in the field—Perkin. Willstatter, and Fischer, to mention but three. But 
there was, I think more to it than that. Organic chemistry had, by that 
time, progressed to a point where it had the experimental techniques and 
the background knowledge necessary to ensure real progress in the study of 
complex natural materials. Furthermore, the rise of the organic chemical 
industry and the growing outlets for new materials encouraged work on 
natural materials with the aim of producing synthetic analogues which 
might at once have their virtues and be free of their defects, just as the 
synthetic dyes had in many cases proved better than their natural counter- 
parts. Finally, the steady development of scientific medicine and the 
opening up of tropical colonial territories by the major powers had provided 
a further stimulus to the search for new natural drugs and their synthetic 
analogues as well as to the study of bodily components, both normal and 
pathological. Be that as it may, the fact of the development of natural 
product chemistry is not in doubt and it became an inc reasingly prominent 
feature of organic chemistry during the first twenty-five or thirty years of 
this century. It was effec tively during this period that the broad features 
of the essential oils were worked out by Perkin, Wallach, and others, that 
Willstatter’s studies on chlorophyll and on the nature of enzymes were 
carried out, and Emil Fischer made his brilliant investigations into the 
proteins and carbohydrates and his preliminary foray into the realm of the 
nucleic acid components. Perkin and his brilliant pupils Thorpe, Simonsen, 
Haworth and Robinson greatly extended knowledge of terpenes, natural 
colouring matters, alkaloids and carbohydrates, the schools of Wieland and 
Windaus forged ahead in the study of steroids and bile acids, while Hans 
Fischer developed his monumental studies on the porphyrin pigments. 

Not all of this work was crowned with success. To quote but two examples, 
Willstatter’s work on « hlorophyll and enzymes ran into acute difficulties and 
Fischer was halted in his protein work after a brilliant start. This was due 
essentially to imperfections in experimental technique. In natural product 
work the German saying “ Jeder Fortschritt der Wissenschaft ist ein Forts- 
chritt der Technik ” applies in very large measure. It is. therefore, convenient 
at this point to recall how the advances of recent years have been conditioned 
and made possible by developments in method. The first major advance 
came undoubtedly through the development of reliable microanalytical 
methods by Pregl. The effect of Pregl’s work was enormous, although it is 
at times rather overlooked. To be able to cut the amount of a scarce 
natural material needed for analysis by a factor of about twenty made 
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possible the exploitation of fields hitherto barred to the chemist. But 
microanalysis was only the first of the big improvements; later came the 
introduction of chromatography—first by adsorption on alumina, as 
developed by Kuhn and Brockmann in particular, then partition chromato- 
graphy on paper, ion-exchange chromatography, and finally vapour or gas- 
phase chromatography. Alongside these came electrophoretic separation 
methods and many others which in sum made the exact study of the complex 
natural macromolecules—the polysaccharides, proteins, and nucleic acids— 
possible for the first time. Just as great an impact has been made by the 
physical methods of analysis which have become available to us from the 
late nineteen-twenties onwards. First came the application of ultra-violet 
spectroscopy to the study of structure. One of the pioneers in this field I 
would mention today—Sir Ian Heilbron, a friend of many of us here and 
a staunch believer in the International Union of Pure and Applied Chemistry, 
and whose recent death we so greatly regretted. Later came the application 
of infra-red spectroscopy to which Dr Thompson, who has been discussing 
it during our Symposium, has made notable contributions; and, even more 
recently, the new and powerful technique of nuclear magnetic resonance. 
Again, the development of X-ray and electron diffraction methods in the 
analysis of crystal structure has been of enormous service to natural product 
chemistry by providing, in some instances, almost a complete answer to 
baffling structural problems, as in the brilliant work of Hodgkin on vitamin 
B,,. Finally, the availability of isotopes, and especially radioisotopes, has 
opened entirely new vistas in the study of such problems as biosynthesis. 
Natural product chemistry, like science in general, has tended to advance 
irregularly on a broad front during this century, and during each phase of 
its development there were always individual investigators who stood rather 
apart and who broke new ground, or saw possibilities not apparent to others 
at the time. For this reason it is difficult, particularly with such recent 
events, to put precise dates to changes in scientific patterns. But, in broad 
terms, it seems to me that for about the first twenty-five to thirty years of 
the century most organic chemists dealing with natural products were pre- 
occupied almost entirely with the structure of compounds, and paid relatively 
little attention to their function, which formed the main interest of the 
biochemists who were becoming increasingly prominent. This preoccupa- 
tion with structure led, of course, to the development of a vast array of 
experimental methods for the structural study and for the synthesis of 
molecules, and our catalogue of types occurring in nature increased by leaps 
and bounds. This process did not, of course, stop in the nineteen-thirties 
new methods still came forward and older ones were improved, so that today 
the organic chemist’s methods of synthesis are so powerful that it might 
almost be said that, macromolecules apart, almost any natural product can 
in principle be synthesized—and, indeed, this would seem to be emphasized 
by the successful total synthesis of substances as complex as cholesterol and 
cortisone, the carotenes, strychnine, chlorophyll, and cozymase. But let 
us face the fact that, in the past, many people have looked to the natural 
products merely as suitable materials for exercising chemical ingenuity, 
rather in the way that one might tackle a difficult crossword puzzle. This 
kind of approach has doubtless increased our store of factual knowledge, but 
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I doubt myself whether it will nowadays lead to any major advances in 
science, however convenient it may remain from the standpoint of producing 
exercises for Ph.D. students, and whatever its commercial importance. It 
is certainly not in the van of progress today, and it has been dwindling in 
importance since about 1930. 

It was about this time that a new interest began to appear, slowly at 
first and later with increasing rapidity—an interest in structure in relation 
to function among natural products. It is this which has brought organic 
chemistry much closer to biology than it has ever been before. Equally, 
of course, it has been the realization that function must increasingly be 
considered in relation to structure that has brought the biochemists closer 
to their organic chemical colleagues, to the considerable advantage of both. 
What brought about this change? In a sense, I believe it originated in the 
movement of biology, spurred on by biochemical work, away from purely 
taxonomic and descriptive studies. A major influence was exerted by the 
work on accessory food factors or vitamins. The study of nutritional 
problems by Eijkmann, Hopkins, McCollum, and others had reached, by 
the nineteen-twenties, a point at which it was realized that these mysterious 
vitamins could actually be isolated as chemical individuals capable of 
structural investigation and eventual synthesis. The opportunity was 
seized upon by the chemists, and with it the very similar opportunity pre- 
sented by the sex hormones. Structures were worked out, and soon synthetic 
vitamins and, later, hormones became available. But it was inevitable 
that the chemists who entered this field should find themselves fascinated 
by the further problems which turned up: why and how do the vitamins 
and hormones act, and what is the secret of their specificity? And so the 
advancing front of the subject began to take a definite orientation towards 
the solution of biological problems. 

Now, as I have said, one cannot put precise dates to changes in scientific 
patterns and, whatever effect the nutritional work on vitamins may have 
had in triggering off the change, the ground has been in some measure 
prepared by earlier events in natural product work, and had been in a 
sense foreshadowed by some of the ideas and interests of a few of the out- 
standing figures in the field. Of major significance in this respect were the 
ideas on biogenesis, based on the structural relationships between individual 
compounds in different groups of natural products. Although this attracted 
the attention of several workers, the greatest influence was that exerted by 
Sir Robert Robinson, whose rationalization of structural relations in the 
alkaloid field in terms of biogenesis from amino-acids, backed by his classical 
tropinone synthesis carried out at room temperature in dilute solution, had 
a profound effect on the general thinking of natural product chemists which 
has lasted to this day. And we should remember that it was through his 
interest in biogenetic considerations in the field of natural pigments that Sir 
Robert, in association with Lady Robinson, was drawn in the late *twenties 
into genetic studies on varation in flower colour using anthocyanin pigments 
as his tools—another foretaste of things yet to come. 

It would be difficult to exaggerate the importance of biogenetic theories 
in the development of structural work on natural products—especially the 
alkaloids, colouring matters, and the terpenoids—but it should be remem- 
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importance of the subject remains. I have already suggested that the older 


type of structural study applied to isolated plant products is no longer a 


spearhead in the advancement of the science, but this does not mean that 


it has everywhere lost its importance from a practical standpoint. We 


have seen in recent years the medical value and industrial stimulus provided 


by such a natural alkaloid as reserpine, isolated from plant material for 


long used in oriental folk-medicine. It is likely that still other substances 


with significant and valuable pharmacological properties remain to be 


isolated from plant materials, and that, incidentally, clues to some of them 


may still be found in the folk-medicine of primitive people. In particular, 


the rich and comparatively uninvestigated flora of South-East Asia and the 


Australian continent still require careful study, and it is gratifying to see 


that this is now being undertaken on a collaborative basis following the 


excellent start already made by Australia’s chemists. The spectaculat 


success of some antibiotics should not blind us to the possibility that intere sting 


materials may still be found in the higher plants as well as in the fungi and 


bacteria 


I believe, however, that now and in the future, the real spearhead of the 


subject will lie in studies closely associated with biological investigations. in 


lies where questions of structure and function are closely linked. Difficult 


stun 


problems abound, many of them of economic importance, and all fascinating 


from the scientific standpoint In the animal kingdom, the arthropoda 


have been relatively littl studied by the chemist, partly because of their 
| 


small size and the trouble associated with collection of material. But they 


differ in many wavs from othet types of animal, and. even from our present 


scanty knowledge of their hormones and their pigments, it is clear that a 


rich field of investigation lies waiting here. The whol problem ol para- 


sitism in plants and animals also lies open. Already, from investigations 


with nematodes of the Heterodera genus, with which I have myself been 


concerned, it is clear that the factors which make a parasite specific to one 


type of host are chemical in nature and, in some cases at least, of relatively 


low molecular weight Clarification of such problems in parasitology 


could be of considerable importance in agriculture and forestry as well as 


in veterinary and human medicine, and they warrant the most serious 


attention 
It would be possible to provide many examples of such unexplored or 


partially explored fields, but I would mention here only the natural macro- 


molecules as a further field—a field which includes as its most interesting 


members the carbohydrates, proteins and nucleic acids. For these macro- 


molecular substances are the very stuff of life, and ultimately it is on progress 


in their chemical study that a real understanding of enzymology, of im- 


munochemistry, of virology, and of the chemical basis of heredity will 


depend These materials present a tremendous challenge to the organic 


chemist as well as to the biophysicist. For, without in any sense under- 


estimating the vital importance of physical and physicochemical properties 


in determining the way in which molecules such as those of the nucleic acids 


behave in the cell, I believe that the chemist still has his contribution to 


make if we are to solve the problems of the self-replicating molecule and the 
acids and 


information code which seems to reside in the natural nucleic 
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which in some way controls the synthesis of specific proteins. But work in 
these fields is difficult, and it will demand the development of still more 
refined techniques of experimentation and probably the inclusion of others, 
hitherto more common in the biochemical field. The new techniques 
necessary will be found—of that I am sure—and, using them, the future 
natural products chemist will go forward into these new and exciting fields 
and will continue as in the past to contribute at once to the advancement 
of science and to the well-being of the human race. 
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AUSTRALIAN NATURAL PRODUCT RESEARCH 


J. R. Price 
Chemical Research Laboratories, C.S.1.R.O., Melbourne, Australia 


At a meeting of this kind, a considerable proportion of the papers delivered 
will inevitably be concerned with work carried out in the host country. 
I have assumed, therefore, that the purpose of the Organizing Committee 
in inviting me to speak to you about Australian natural product chemistry 
was to provide a framework for the picture which these papers will present. 
To do this it will be necessary for me to tell you a little about the historical 
background. 

We are told that, in 1788, the first year of European settlement in Australia, 
the essential oil of Eucalyptus piperita was distilled and used medicinally as a 
substitute for oil of peppermint. But it seems unlikely that the enterprise 
shown by those early settlers had any significant influence on the utilization 
or study of the country’s plant products’. It was not until 1852 that the 
distillation of essential oils was investigated seriously, and was later placed 
on a commercial basis, by a man named Joseph Bosisto, who set up a still, 
only a few miles from here, outside Melbourne. It is not clear whether 
the credit for this action is due solely to Bosisto, because at about the same 
time a second, and very significant, character appeared on the scene. 
This was Ferdinand von Mueller, a German from Rostock, who became 
Government Botanist of Victoria in 1853 and made a magnificant contribu- 
tion to the botanical exploration of Australia and to the systematic study 
and description of the Australian flora. Without attempting to allocate 
credit as between Bosisto and von Mueller, we can certainly date to this 
period the foundation of interest in the study of natural organic products of 
Australian origin. Both Bosisto and von Mueller, the one with interests 
mainly commercial, and the other academic, had been trained in pharmacy 
which, in those times, of course, was a near equivalent to organic chemistry. 
Both saw the potential of the novel Australian flora—at a time when medicine 
and industry relied much more directly on natural products than they do 
now—and both contributed substantially to its exploitation. Each achieved 
eminence in his own sphere. Bosisto not only founded a firm of oil distillers 
and pharmacists which operated for nearly one hundred years, but he played 
a leading part both in State government and in the development of the 
pharmaceutical profession in Victoria. He distilled the essential oils from 
at least twenty-six species, representing the families Myrtaceae, Labiatae 
and Rutaceae, and reported the yields of oils and certain of their physical 
and medicinal properties. von Mueller, of course, achieved a world 
reputation as a botanist, was made a Fellow of the Royal Society of London, 
was knighted by the Queen of England, and made a hereditary baron by the 
King of Wurtemberg. 
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The work of these two men was a starting point for the study of Australian 
natural product chemistry. Inevitably, their interests and enthusiasm were 
transmitted to others, and notably to J. H. Maiden, whose link with von 
Mueller is clear and well documented. The setting up of the eucalyptus 
oil industry drew attention to the potentialities of other kinds of natural 
products, and the need for a broader basis for investigation was the theme 
ably expounded and developed by Maiden. Maiden, the first curator of 
what is now the Museum of Applied Arts and Sciences in Sydney, was a 
botanist, but one with well-defined chemical interests. We owe a great 
deal to him, but his main claim to fame, I think, is that he provided the 
stimulus for much of the early organic chemical research carried out in 
this country by H. G. Smith. 

Smith made a systematic examination of the essential oils of numerous 
species of Eucalypts, of a number of other Myrtaceae, and also of the pines of 
\ustralia—Callitris, Araucaria and related genera. His organic chemical 


work was begun in 1895, at a time when terpene chemistry, though advancing 


in its infancy. Smith's researches, carried out in collaboration with R. T. 
Saker, a botanist, achieved a remarkable correlation between the « hemistry 
nd morphology of the genus Eucalyptus. He was a pioneer, not only from 

the purely chemical point of view, in the study of the constituents of essential 

[ i ith Baker, in the broader field of the relation between 


chemistry and taxonomy, to which Professor Erdtman, the present President 
of the Organic Chemistry Section of the International Union of Pure and 
Applied Chemistry, has so ably contributed. 

When H. G. Smith began his work there was only one chair of chemistry 
the then four Australian universities, but while he was still active 
an important step was taken by the University of Sydney which, in 1913, 
established a separate chair of organic chemistry. The first holder of this 
chair was a young Englishman, a very remarkable young man. He is still 
young, and I am very happy that he is with us today—Sir Robert Robinson. 
Robinson was very interested in Smith’s work, and he collaborated with 
him and stimulated him as he has so many others: but, unfortunately for 
\ustralian chemistry, he did not stay long in Svdney. Robinson’s im- 
mediate successor, John Read, assimilated from H. G. Smith an interest in 
g after he left Australia. In like manner, 
personal contacts initiated the particular chemical interests of many others, 


essential ous which persisted ion 


and the transmitted influence of these earlier chemists on present-day work 
can still be traced from colleague to colleague, and from teacher to student. 

It is clear, therefore, that the first important steps in natural product 
chemistry in this country stemmed from the occurrence of numerous plant 


species of high essential oil content and the in« entive for investigation that 


these oil-bearing species offered. It is not my purpose to review the chemical 
achievements of these investigations: suffice it to say that current interest 
in essential oils has a marked biological slant, and investigation hinges 
largely on recent advances in technique. Radiocarbon labelling has been 
made use of, for example by Birch’, to investigate the biogenesis of essential 
oils. The development of gas chromatography has made possible very 


precise analysis of the oils, with the result that the study of inter-specific 
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relationships and varietal differences, such as were first made by Baker and 
Smith, can be placed on a much firmer basis. Likewise, studies of seasonal 
variation in the composition of essential oils and of variation according to 
the physiological age of the leaf can now be carried out on very small 
specimens with comparative simplicity. This, naturally enough, is the 
direction which the interests of H. G. Smith’s successors at the Museum of 
Applied Arts and Sciences, notably H. H. G. McKern, have taken. 

The volume of chemical work carried out in Australia (and, even more, 
overseas) on essential oils of Australian origin has been very great, but 
the economic significance of the industry was and is small, particularly 
when compared with that of the older-established pastoral industry. As 
time went on, the increasing attention given to improvement in the pastoral 
industry had its influence on chemistry, and one aim in the search for greater 


efficiency has been the elimination of losses due to the ingestion of plants 


poisonous to sheep, cattle and horses. An indication of the significance of 
such losses is to be seen in the publication of The Poison Plants of New South 
Wales* and, more recently, The Toxic Plants of Western Australia’. The 
preparation, no less than the publication, of Hurst’s book was responsible 
for the examination of the toxic principles of a number of poisonous plants. 
The work of Finnemore on cyanogenetic glycosides was the first chemical 
outcome of such studies, and this was followed by the isolation of such 
substances as the unusual aliphatic azoxy-glycoside macrozamin® and, 
more recently, by the examination of the liver-damaging pyrrolizidine 
alkaloids. I shall have more to say about these later. Numerous poisonous 
species have been and are being examined, some of them not undesirable 
weeds but deliberately introduced pasture plants which have proved toxic 
in particular environments. The need for examining poisonous plants has 
constituted, therefore, a second factor promoting the study of natural 
products by organic chemists. 

In the past fifteen or twenty years, there have been profound changes in 
the pattern of scientific research in this country. This has been due to 
several causes, an important one being the changing situation in the 
universities. Up to 1945, the amount of research work carried out in the 
chemistry departments of Australian universities was limited by small 
staffs, few research students and poor facilities. In the post-war period, 
university activities have expanded considerably, staffs have increased in 
size, research students in number, and despite the ever-present deficiencies 
there is a conspicuous improvement in research facilities. One result has 
been a considerable diversification of interests, and new fields of work have 
been tackled, some as a logical development from previous projects, others 
for reasons essentially the same as that of Sir Edmund Hillary for climbing 
Mount Everest—** because it is there”. As far as natural products are 
concerned, these new ventures, breaking right away from the traditional 
phytochemistry, may be exemplified by Professor Cavill’s investigations of 
ant metabolites and by Dr Sutherland’s examination of marine animal 
pigments, 

A further stimulus to research has been provided by scientists coming 
to this country from overseas. ‘Two such men who have made outstanding 
contributions to the chemistry of natural products are Lemberg, whose 
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work on the chemistry and biochemistry of porphyrins is too well-known to 
require any comment from me, and Gottschalk, likewise noted for his 
investigations of the sialic acids. 

Another important factor has been the considerable expansion in govern- 
mental research, centred mainly as far as the subject of this Symposium is 
concerned, in the C.S.1.R.O. Chemical Research Laboratories. One field 
in which the Organic Chemistry Section of the Chemical Research Labora- 
tories has been very active is the study of long-chain aliphatic compounds 
by Hatt, Murray and their colleagues. An outstanding feature of this work 
has been the level of instrumental development achieved by Murray which 
has made possible the separation of long-chain compounds in a high degree 
of purity, and also the deduction of structures following separation and 
identification of the components of complex mixtures of oxidation products. 
Hatt’s group has made major contributions to the chemistry of wool wax 
and of sugar cane wax*; they have separated and identified the alcohols of 
carnauba wax, they have elucidated the structure of the novel nonadeceny!l- 
hydroxycyclohexenones present in Tigaso oil from New Guinea’, and are 
currently making considerable progress in the study of acetylenic compounds 
of local origin. 

The phytochemical activities of the C.S.I.R.O. rank—after the early 
influence of essential oils and the latter one of stock poison problems—as the 
third major factor determining the development of natural product chemistry 
in this country. This influence has not been due primarily to the calibre 
of the scientific work in the C.S.1.R.O. laboratories, nor to its volume, but 


to a quite different cause. During the 1939-45 war, sources of certain of 


the more essential imported drugs of plant origin were sought in the native 
flora. Though not successful, this search made evident the need for a 
systematic survey of the pharmacological potential. So, in 1944, the 
C.S.1.R.O. Division of Plant Industry planned such a survey to involve 
botanical, pharmacological and chemical collaboration. With one or two 
exceptions, such as the hyoscine- and hyoscyamine-containing Duboisia 
species, background pharmacological information was almost negligible. 
The starting point of the programme, therefore, was a preliminary botanical 
survey in the hands of Dr L. J. Webb*. ‘This soon revealed that the volume 
of chemical work would be far beyond the capacity of the chemists available, 
so the co-operation of the universities was sought, those interested in 
natural product chemistry were encouraged, problems were suggested to 
them, and plant materials provided for their work. After a few years the 
number of chemists involved and the volume of work in progress was such 
that the survey, with its initial botanical impetus, acquired more and more 
a chemical flavour, and eventually full responsibility for it was assumed by 
the Chemical Research Laboratories. Nevertheless, the corner-stone of all 
this phytochemical work was and is the botanist in the field, who explores, 
collects and supplies materials for those in the laboratory, and it is largely 
through the provision of this collecting facility that the C.S.I.R.O. has 
influenced directly and indirectly natural product chemistry in this country. 
I should make clear, of course, that by no means all plant chemistry is 
dependent on the C.S.1.R.O.—the very active group in Western Australia, 
for example, is entirely self-contained. However, an average of something 
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like 200 requested species are collected and distributed here and abroad 
each year, and about 30 per cent of the papers presented by Australian 
chemists at this Symposium are directly associated with the survey. A 
further aspect of the activities of the C.S.I.R.O. Chemical Research Labor- 
atories is the part played in encouraging the fullest use of physical methods 
in structural organic chemical studies; for the purpose of this Symposium 
the most important facet of this is the X-ray crystallographic work of 
Dr Mathieson carried out in the Division of Chemical Physics. 

The study of alkaloids was the initial objective of the C.S.I.R.O. pro- 
gramme, because alkaloids were believed to offer the most promising 
approach to pharmacologically useful materials, and it was to alkaloids also 
that the first university collaborators turned. But the broader the scope 
of the information that can be obtained concerning the native flora the 
better, and the provision of plant materials to those interested in them is 
not limited to species thought to be of potential economic interest. Apart 
from alkaloids, then, considerable attention has been paid to the study of 
triterpenes, notably at the Universities of New South Wales, Western 
Australia and Queensland, of cardiac glycosides, cyclitols, colouring matters, 
coumarins and so on. All these activities, hinging to a large extent on the 
centralized collection of plant material and involving periodical informal 
meetings of those interested, have come to be known as the phytochemical 
survey, and I shall subsequently refer to it as such. 

This historical account, brief though it has necessarily been, leaves little 
opportunity for discussion of chemical work. To review the whole field 
would be quite impossible, so I have chosen to mention three recent topics, 
each representing one of the three factors influencing Australian natural 
product chemistry to which I have referred. 

Firstly, essential oils: activity in essential oil chemistry since 1945 has 
lacked coherence as compared with earlier years. Although many have 
contributed, much of the effort has gone into clearing up long-standing 
problems, while the rest has been thinly spread over a wide field. From 
the somewhat heterogeneous results I will draw attention to one point only, 
namely the increasing number of phloroglucinol derivatives which have 
been isolated and identified as components of essential oils, usually pre- 
dominantly terpenoid. Examples of such substances are leptospermone (I) 
and evodionol (II), and the more recently established angustifolionol (IIT), 
alloevodionol (IV) and torquatone (V). The major interest of these 
phloroglucinol derivatives lies in their association with Birch’s development 
of the “ acetate ” hypothesis. 

Secondly, the chemistry of plants toxic to livestock: in every country 
pastoralists suffer to a greater or lesser degree from losses caused by poisonous 
plants. The plants causing these losses are usually known or are soon 
recognized because of an obvious association between the ingestion of the 
plant and the onset of symptoms. However, this is not always so, and it is 
now appreciated that there are at least three groups of plants which can 
cause heavy loss of stock—and in some parts of the world, of human life— 
as much as two years after ingestion, so that recognition of the responsible 
species was not at first easy. The three groups of plants are the genus 
Senecio and some closely related species, certain members of the genus 


371 


Bie 
4 
Sher 
4 


PRICT 


" 
I 
J 
‘ 
| ‘ ‘ 
Dr L. B. Bull 
: 
ture 
leveloped 
al 
| ‘ ‘ | the 
He ha 
crta alk a a 
‘ wen 
= 


AUSTRALIAN NATURAL PRODUCT RESEARCH 


strongly mutagenic!® and. furthermore, at a dose rate lower relative to the 
toxic dose level of other mutagens. Further studies in this direction are 
also under way in the Botany Department, University of Melbourne, and 
requests are also being received from biologists in other countries for supplies 
of alkaloids for the study of chromosome breakage and mutagenic action. 
From these collaborative studies, coupled with work elsewhere, there is 
accumulating a body of information con erning the structural features 
necessary for the liver-damaging activity of the alkaloids. 

The prerequisite for all these biological programmes is the availability of 
the pure alkaloids and this, of course, is contingent upon the activities of 
the chemist. At the chemical level. but closely linked with the biological 
work, the metabolism of heliotrine in vivo is be ing studied by Mr Dann in 
the Division of Animal Health. at present with unlabelled alkaloids as a 
preliminary to the use of labelled heliotrine. On the purely chemical side, 
the work hinged initially on the clegant application by Culvenor™ of 
partition chromatographi methods for isolating the alkaloids and. with 
many species, on the recognition (following earlier work by Russian chemists™ 
and by Warren" in South Africa) of the importance of the .V-oxides which 
sometimes Constitute over YO per cent of the total occurrence. Culvenor has 
made a preliminary examination of over eighty species of plants which are 
potential producers of pyrrolizidine bases, isolated many previously un- 
described alkaloids and determined the structures of a number of them. 

| the investigation of Heliotropium eur paeum, the initial emphasis 

Boraginace ac, which in general contains dieste1 bases in\ iving 

as compared with the more common macrocvclik 

found in Seneci species. Of all this work, 

of the widest academic interest ha been 

alkaloid, one of the longest-known pyrrolizidine 

Jacobine was isolated by Barger’? and others from 

ragwort, which is responsible for stock losses in many parts 

orld. Degradative studies were carried out in the C.S.1.R.O. 
by Bradbury'*, and from the results of these the main features 


{ the structure were deduced by Geissman'*, then working temporarily in 


Me lbourns lhe compl te sterecn hemi al pu ture has now been revealed 
by X-ray crystallo rraphic studies and will be discussed by D1 Mathieson. 


Recently the emphasis in this pyrrolizidine field, on the chemical side. 


has s] ited to the oe nus Crotalaria, several species of which are impli ated in 
stock disease problems here and overseas. However, the main chemical 
interest is concentrated on the isolation of a number of unesterified bases, 
and these appear not to possess the power of causing liver damage. Examples 
of ese are |-methylenepyrrolizidine VI), 7-hydroxy-!-methylene- 
pyrrolizidine (VII) and (VIII). 
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My third example concerns the so-called phytochemical survey. As I 
mentioned previously, the objective of the C.S.I.R.O. survey was a search 
for alkaloids and this also became the starting point for a number of our 
university colleagues, For this reason more attention has been paid to the 
chemistry of alkaloids than to that of othet types of plant constituents. 
Although no special emphasis has been placed on any one group of plants 
except in so far as earlier work pointed to the likelihood of alkaloids being 
present—certain families have inevitably received more attention than 
others. One of these is the Rutaceae, a family which is widely distributed 
throughout the warmer parts of the globe. Taxonomic problems in the 
Rutaceae became evident very early in the survey, and as long ago as 1947 
I had occasion to discuss with Dr L. J. Webb the possibility that, limited 
though they were, our chemical data might be of some value for taxonomic 
purposes. Despite the limitations, therefore, it seems to me worthwhile to 
illustrate some aspects of the phytochemical survey by examining the results 
in relation to what is known of the alkaloid pattern in the Rutaceae as a 
whole. I hope this will not only serve the primary purpose of the lecture, 
but will also stimulate others to fill in the numerous gaps in the chemistry 
of a most interesting group of plants. 

From the point of view of alkaloid production, the Rutaceae are one of 
the most versatile of plant families. Dividing the alkaloids into arbitrary 
structural types there are now eight categories*, and data are available for 
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* Excluding the amides N-(2-p-anisylethyl)-N-methylcinnamamide, fagaramide, neoher- 
culin and aegeline. 
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four of the seven sub-families listed by Engler and Prantl?!, The remaining 
three sub-families are monogeneric and for our present purpose may be 
disregarded. The names printed in bold type in Table ] show the distribu- 
tion of alkaloid-containing genera as it was known about 1946 when the 
programme in this country was getting under way. 

Additions to these categories were soon made by the isolation and identifi- 
cation firstly of a number of acridine derivatives—5-acridones—exemplified 
by (IX), (X) and (XI), and shortly afterwards of three canthinone alkaloids, 

XII), (XIIT) and (XIV), the last having a methylthio-substituent??. 
Subsequently, Russian chemists have isolated from the rutaceous genus 
Haplophyllum what appears to be an acridine derivative®*, co-occurring, as in 
the Australian genera, with furoquinolines. 

The structures of two novel types of quinoline derivative were established, 


a dimethylpyrano-2-quinolone (XV) from Flindersia australis?’ and the 
2-phenyl-4-quinolone (XVI) from Lunasia quercifolia®*, The latter was 
later isolated by Goodwin, Smith, Velasquez and Horning*™ from another 
Lunasia species, L. amara, and from Casimiroa edulis by Sondheimer”, 


t 
CH; 


(XVI) 


Less novelty, but much more variety, has been encountered among the 
furoquinoline group, initially represented by three alkaloids but now 


4 ‘ 


numbering at least fifteen, exclusive of several dihydrofuroquinolines?® 27, 


Examples are (XVII), (XVIII), (XIX) and (XX). 


CH;0. 


Our knowledge of the alkaloid distribution in the Rutaceae has been 
supplemented considerably by these results and also, of course, by work 


elsewhere, of which I would mention particularly that on the quin- 


azolines by our Indian colleagues, and on the furoquinolones by Japanese 
chemists. The present position is shown in Table /. 


Looking more closely at the information in this table, it is clear that in so 


far as any structural type might be regarded as characteristic of the Rutaceae 
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OD 


OCH; 


Me,CHCOCH,O~ 


OCH; 
(XIX) (XX) 


it is the furoquinolines, which have not been reported from any other family*. 
But the acridines, likewise, are restricted to the Rutaceae and are always 
accompanied in the plant by furoquinolines; with certain exceptions, the 
quinoline alkaloids are confined to the Rutaceae and are often found together 
with furoquinolines, while in the genera containing quinazolines (Glycosmis 
and Aegle) furoquinolines are also present. It seems only reasonable, 
therefore, to regard these four as a biogenetically homogeneous group based 
formally on the “ anthranilic acid ” unit (X XI) common to all of them. 


(XX1) 


In addition to these four, we have the biogenetically distinct groups 
represented by the imidazoles, the benzylisoquinolines (themselves showing 
considerable structural variation) and indole derivatives, such as the 
canthinones, related to tryptophan. The versatility of the family becomes 


OCH; 
CH;0_ 


(XXVI) 


* Since this paper was written, furoquinoline alkaloids have been reported from several 
additional rutaceous genera. 
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even more apparent when it is seen that not only are there certain genera, 
such as Evodia, capable of producing alkaloids by several of these biogenetic 
pathways, but an individual may make use of more than one route. Thus, 
from <anthoxylum ailanthoides, Tomita and Ishii®* isolated the furoquinolines 
dictamnine (XXII) and skimmianine (XXIII) and the quaternary apor- 
phine magnoflorine (XXIV), while from Zanthoxylum rhetsa, Chatterjee, 
Bose and Ghosh*® isolated chelerythrine (XXV) and three indoloquin- 
azolines of which evodiamine (X XVI) is one. 

Looked at against the complexity of the over-all metabolic picture, this 
versatility of alkaloid production is perhaps not especially surprising, but 
nevertheless it does distinguish the Rutaceae from other families and so 
deserves notice. It may suggest that the family is a rapidly evolving one, 
but, in any event, the data presented by the twenty-four genera so far known 
to contain alkaloids clearly make it desirable that as many as possible of 
the one hundred and twenty or so remaining genera be examined. Some, 
of course, have been examined without alkaloids being detected: others are 
known to produce alkaloids and work already in progress bears out the 
promise of much more interesting chemistry to come. 

One further aspect of the chemistry of the Rutaceae warrants mention. 
Among the alkaloids to which I have referred have been several in which 
an isopentane unit is attached as an addendum to the type skeleton, for 
example, acronycine (X) in the acridine group, flindersine (XV) in the 
quinoline group and acronidine (XXVII) in the furoquinoline group, 


while there are several furoquinolines with isopentane ether substituents. 
There are in the Rutaceae numerous other examples of this kind, notably 
among the coumarins, representatives of which have been isolated from at 
least twelve rutaceous genera. Of those twelve genera, ten provide examples 
of courmarins involving the combination of one or more isopentane units. 
Chere are also a number of furocoumarins analogous to the furoquinolines. 
Among the flavanoids, recent examples are the flavanone isoprenoid ether 
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(XXVIII) reported by Geissman*® from Evodia sarcocca and the isoflavone 
munetone (XXIX) isolated from Mundulea suberosa by Dutta*, 

I have drawn attention to these substances, because this capacity to add 
an isopentane unit to a wide variety of molecular types is widespread through 
the Rutaceae and appears to be a biochemical characteristic of the family. 
It also gives rise to structural correlations which may have some biogenetic 
significance. For example, in the genus Lunasia, occurring together with 
simple furoquinolines, there are a number of isopropyldihydrofuro- 
quinolines such as (XXX) and (XXXI), while Orixa japonica contains several 
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(XXXII) ( XXXIII) 


furoquinolines, such as kokusagine (XXXII), together with the alkaloid 
orixine which has recently been shown by Terasaka®? to have the structure 
(XXXITI). 

In his book The Structural Relations of Natural Products, Robinson*®® writes 
of the furoquinolines that there is no good clue to the origin of the furan 
group. He outlines three possibilities—that it is a residue of the tryptophan 
side chain, that it arises by degradation of an aromatic ring of the acridones, 
or that it is formed by condensation of a suitable intermediate with a 
2,4-dihydroxyquinoline derivative. I should like to refer to a fourth 
possibility which I suggested in 1948 in a lecture to the Sydney University 
Chemical Society, namely, that the furan ring represents a degraded 
isopentane unit. Since that time, of course, the origin of the isopentane 
unit from acetate units has been established, and it may well be that the furan 
ring represents, as in Robinson’s third suggestion, no more than union with 
one acetate unit. However, the more devious route remains a possibility 
which is not rendered any less probable by the co-occurrence of kokusagine 
and orixine—the loss of the isopropyl group by a retro-aldol change can 
so easily be visualized. This view, foreshadowed by Haworth*4, has also 
been put forward, and possible mechanisms have been discussed, by 
Birch® and Seshadri**, 


379 


9 
| 
as - 
N 0 CH; 
CH;0 CH, 
(XXX) 
OCH; 
i 
pee 
Me 


J. R. PRICE 


lo sum up, the abundance of essential oil-bearing species in the Australian 
a provided the background for the chemical work of H. G. Smith. But 
} could not and would not have achieved what he did without the 
ust, R. T. Baker, and, behind him, J. H. Maiden. The importance 
stock poisoning by plants led Finnemore and others to investigate their 
but these investigations would not have gone far without the 
provided | the veterinary scientists Ihe current interest in 

ated with the C.S.1.R.O. phytochemical programme 

on the pharmac¢ logical incentive for 

tanical collections Likewise, the work 

{ Lemberg undoubtedly owes much to its medical 


ment 


drawn from the development of Australian natural 


rely that the study of natural products flourishes 


n there losest collaboration between chemist and biologist. 
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THE TOTAL SYNTHESIS OF CHLOROPHYLL* 


R. B. Woopwarp 
Harvard University, Cambridge, Massa husetts, U.S.A. 


Chlorophyll a, the major green pigment of the plant world, is certainly the 
most widespread and conspicuous of organic natural products. Few can 
be unaware of its decorative func tion, and all are beneficiaries of its central 
role in transforming sunlight into substance and sustenance. Yet the 
fruitful chemical study of this green badge of life did not commence until 
fairly recent times. For chlorophyll @ is a very reactive, sensitive, and 
complicated substance. Only when. early in this century, the genius of 
Willstatter applied itself to the problem, were the first sure steps taken. 
That great investigator isolated the pigment—and its close ly related frequent 
minor concomitant chlorophyll 6 as well—in the pure state, established 
correctly the empirical formula of the substance, and laid down a sound 
and extensive preliminary basis of transformation and degradation. These 
achievements can be measured against the fact that the isolation of chloro- 
phyll in a state of purity is even now, after more than filty years, no mean 
leat, and, further, that the empirical formula defined by Willstatter, repeatedly 
called into question by subsequent investigators, has stood the test of time. 
For some period after this solid foundation had been laid by Willstatter 
there was little activity until three new groups took the field late in the 
1920s. Stoll, who had played a prominent réle in the early studies as a 
collaborator of Willstatter, took up the work anew, and made important 
contributions, as did Conant in the United States. But by far the greatest 
contribution was made by Hans Fischer and his collaborators at Munich. 
Fresh from his dramatic conquest of the blood pigment, Fischer hurled his 
legions into the attack on « hlorophyll, and during a period of approximately 
fifteen years, built a monumental corpus of fact. As this chemical record, 
almost unique in its scope and depth, was constructed, the molecule was 
transformed and rent asunder in innumerable direc tions, and the fascination 
and intricacy of the chemistry of chlorophyll and its congeners was fully 
revealed. These massive contributions were crowned by the proposal, in 
1940, of a structure which was complete except for stereochemical detail. 
Finally, in a series of elegant investigations completed only during the last 
lew years, Linstead and his associates at Imperial College were able to 
solve the stereochemical problem and to provide definitive confirmatory 
detail in respect of the number and disposition of saturated carbon atoms 
within the nuclear framework. Half a century of structural study had 
culminated in the complete formula (I) for chlorophyll a’: 8, 

Our active interest in chlorophyll was initiated four years ago, in 1956. 
Che first questions we asked were very general ones. The structural 
investigations had been carried out almost entirely during the twilight of 
the classical period of organic chemistry. Only the very simplest basic 

* A brief communication recording the results on which this lecture is based has appeared 


1 J. Am. Chem. Soc., 82, 3800 (1960). 
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elements of theory played any role in the whole vast study. Neither 
was succour or control sought in chemical principle, nor was any attempt 
made to place the often striking observations in any generalized framework. 
Would the conclusions from such a study stand scrutiny from the viewpoint 


of the present day? Was the structure proposed for chlorophyll correct ? 


When we embarked upon the examination of these questions, we entered a 


chemical fairyland, replete with remarkable transformations which provide 


unusual opportunities for the testing and further development of principle, 
and we cannot but urge others to follow us in penetrating what must have 
seemed to many the monolithic wall of a finished body of chemistry. But 
this is not the place to outline those opportunities at length. Here we shall 
mention only a few major points, which brought us at first to view the 
proposed structure for chlorophyll with considerable scepticism, and whose 
resolution was of importance in our subsequent planning. 

Let us first consider an unusual feature of the structure (1), namely, the 
saturated carbon atoms at positions 7 and 8, with the attached, so-called 
“extra ”’, hydrogen atoms which give chlorophyll its position as a member 
of the general class of green substances known as chlorins (11). Chlorins in 
turn are derivatives of the simpler, more electronically symmetrical, fully 
aromatic red porphyrins (III). It is well known that simple chlorins, as 
might be expected, are readily oxidizable to porphyrins. Not so chlorophyll 
itself, and many of the chlorins derived from the plant pigment. Surprisingly, 
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these substances are deprived of the extra hydrogen atoms only with con- 
siderable difficulty. A second point which claimed our attention was the 
presence in the structure (I) of the carbocyclic 5-membered ring fused to 
the pyrroloid ring III of the nucleus. While no direct measurements have 
been made of the atomic parameters of any porphyrin or chlorin, it is 
possible to surmise with some confidence that groups attached at the 6- and 
y-positions of those nuclei will be at a remove of some 3 A (see III). Con- 
sequently, the formation of a bond which joins substituents in those positions 
must involve considerable distortion, with much resultant strain. The 
presence of strained systems within the molecules of substances of natural 
origin need not, of course, present an occasion for surprise, and indeed 
chlorophyll undergoes very ready changes which are interpreted as involving 
the opening of the carbocyclic ring. But the ring can be closed again 
with much ease, particularly so in the porphyrin series. Finally, mention 
may be made of the fact that porphyrins and chlorins containing sub- 
stituents at the y-position, and a carboxyl group at C-—6, lose carbon dioxide 
with ease, while, by contrast, the y-unsubstituted analogues are resistant to 
decarboxylation. All of these observations baffled us for some time, until 
they received a very simple rationalization in terms of the principle that 
two things cannot take up the same space at the same time. Thus, the 
lower periphery of porphyrins derived from chlorophyll is heavily laden 
with substituents—so much so that there is not room for all of them without 


considerable distortion of bond angles or lengths (see IV). Consequently, 


all of these molecules will be strained. Ifnow we examine the possibilities for 


(V) 


the relief of steric compressions in these systems, we find that the phenomena 
set down above are readily explicable. ‘The ready decarboxylation of the 
highly substituted acids is a consequence of the extrusion of the elements of 
carbon dioxide from a site at which there is not enough room for them 
see V), and the cyclization to 5-membered ring compounds may be viewed, 
in an unsophisticated but valid manner, as a process in which the atoms 
involved are literally pushed into union (see VI). Finally, it is clear that 
the removal of the hydrogen atoms from C-—7 and C-8 of a chlorin substituted 
at those positions, accompanied, as it must be, by the transformation of 
those carbon atoms from the tetrahedral to the trigonal condition, will 
exacerbate steric compressions, particularly when the y-position is also 
substituted. Conversely, we recognize that there is a strong natural factor in 
such heavily substituted porphyrins which favours the transformation of trigonal 
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(VII) 


peripheral atoms into tetrahedral ones (see V11). These simple but powerful 
considerations not only assuaged much of our doubt about the structure of 
chlorophyll, and permitted us to plan a synthetic attack with reasonable 
confidence that our objective had been correctly defined, but also provided 
the basis for our first major decision of policy. Thus, that portion of the 
chlorophyll molecule containing the extra hydrogen atoms must have seemed 
to any who might have contemplated the problem of synthesizing chloro- 


‘ 


phyll one of the most formidable obstacles to be surmounted. We decided 


that the inherent factors favouring the attainment of the saturated condition 
by C-7 and C-8 in heavily substituted porphyrins permitted us to pay little 
heed to that problem in the first stages of our investigation. We had in 
mind such possibilities as that hydrogen atoms, suitably coaxed, might well 
wander to the desired positions from another site in a suitably constructed 
porphyrin molecule. How far this general presumption was justified 
will become clear in the sequel. In any event, we turned our attention 
first to the development of a new porphyrin synthesis. 

In order to define further ou primary objective, we should point out at 
this time that, as is often the case in the study of « omplicated natural products, 
our problem had in some measure been simplified by earlier studies. The 
central magnesium atom of the chlorophyll molecule is easily removed by 
acids, and readily put back through the agency of basic magnesium halides. 


The phytol grouping of the molecule can be removed by hvdrolvsis. and 
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can be replaced smoothly, either by chemical or enzymatic means. Finally, 
the carbocyclic 5-membered ring can be cleaved or re-closed at will. That is 
to say, the product of all three changes—chlorin e, (trimethyl ester) (VIII), 
key substance in chlorophyll chemistry—can be converted into chlorophyll a 
itself by a short series of simple and well-known changes, and consequently 
it was chlorin ¢, which was our actual synthetic objective. The substitution 
pattern of the chlorin e¢, molecule is, to a considerable extent, simple, and 
led us to presume that we must devise a synthesis of a porphyrin of the 
structure (IX). 

Now, the porphyrin syntheses of an earlier day, magnificent for their 
time, were most ill-suited to our purpose. Carried out under bold but 
brutal conditions, they led in almost all cases to very complicated mixtures 
of porphyrins, in small, frequently microscopic, yields. The structures of 
the substances produced could seldom be assigned with confidence on the 
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basis of a single synthesis, and the conditions were such that electronegative 
and other reactive substituents, and y-substituents of any kind, survived only 
in part, if at all. By contrast, we required a method which would lead in 
high yield to a single product of known structure, containing substituent 
groups of variegated character—for we were well aware that we might 
have some distance to go after this primary objective had been achieved. 
The principle on which our projected method was based may be introduced 
through recollection of the great sensitivity of simple pyrroles to attack, at 
the a-position, by electron-deficient centres (see X, arrows). One of the 
best-known of such reactions is that in which a pyrrole with a free a-position 
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combines with a pyrrole a-aldehyde in the presence of acid to give a dipyrro- 
methene (XI-+XI1->XIII--XI1V). This combination takes place with 


extraordinary readiness—frequently it proceeds rapidly even at temperatures 


far below the freezing point—and although it is usually necessary to define 


the best conditions in any individual case by extensive experimentation, the 


reaction can ordinarily be coaxed into giving a fairly high yield of the 


condensation product. The reaction can be brought about not only with 
| 


pyrrole aldehydes (XV, i), but also, with only somewhat greater difficulty, 
with pyrryl ketones (XV, ii). We supposed that, if the components in 


(XV) 


these separate schemes could be united in pairs, a condensation between 


pert it the ready claborat n ol the 
he por s see XVI We realized that the doublk 
retin rh as the possi le pr Mimate product of such a 


(XVI) 
reaction was unlikely to remain as such, and considered that that doubly 

laryed ut ll readily lose a proton (XVI, arrow to give a 
mat al conta ne the svete \\ I! which should be capabl ol con- 


sacTa charg re nance talniization, with its positive chara 
‘ | i | ‘ ‘ Further, if such a cation were 


‘ rol meri lil we can foresee the po sibility of the 
read rss fan acetic acd tros the “posit XVIII. rreu with 
con\ ' t the i is to a fully aromatic porphyrin salt system XIN 


th swe dermed it unwise to choose as ul ctive a por- 
ph | ih ni the acetic acid chain which chlorin ¢, 
pondi position, and chose instead a 8-propionix 

acid cham flor that site such a chain would not be susc« publ to extrusion, 
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(XIX) 


it offered manifold possibilities for transformation to the acetic chain 
ultimately desired, and it seemed a plausible candidate for utility in chlorin- 
forming sequences. Further, we considered it unlikely that a highly 
reactive and sensitive vinyl group could be carried through any considerable 
sequence of reactions without complication, and chose as a precursor for 
such a group a f-aminoethyl function, the elimination of whose nitrogen 
at an appropriate stage might accomplish our objective. The porphyrin 
we desired to synthesize had now been fully specified as (XX), and it 
defined our basic building blocks, in the sense of the four relatively simple 
monocyclic pyrroles shown in (XXII). The preparation of these substances, 
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t} ivt irdu is need not corncerr us here: two were made by known 
¢ practical modifications, and the others wer: prepared 

Al nm meds* the wh short new sequences Once thes were 
hat cm ied t e them in pairs In the first instance, the 


cor 
vil compound XNII us condensed with the rine IIT com- 
NNIII n not aqueous ctiham he hvdro« hloric acid sce and 

’ ive the dipyrrylmethane (XXI\ It may be noted 
ethoxypyrrok XNITII has two iIree positions, and 


CH, 


LOOMe 
(XXIV) ( RXV 


that condensation <« msequently might, @ priori, lead to two differently sub- 
aly Hoy ever, Wwe could with confidence 
that the condensation had taken the desired course, for steric and electronic 
reasons alike Thus, the electron-withdrawing carbethox, group de- 
activates the adiacent r-position tor k by an electron-defic centre. 
sy contrast, the electron-releasing methv! group activates the proximate 


posit on, and is at the same time the smallet group Though relatively less 
susceptible to attack, for the reasons just outlined. the single free position 
in the dipyrrylmethane (XXIV) can fortunately be coaxed into reaction. 
and our next step was to condense that methane with 8-carbomethoxy- 
propiony! chloride through the agency of anhydrous zinc chloride. It will 
have been observed that the dicvanovinv] grouping in the resulting (XXV 
has served the function of a concealed. relatively unreactive, acid-stable 
surrogate ior the aldehyde group actually desired at ¢ the protecting 
group was now removed by the action of hot 33 per cent aqueous sodium 
hydroxide. After re-esterification of the carboxy! groups, both of which 
were freed under the very vigorous basic conditions of the cleavage reaction, 
the desired dicarbony!] compound (XXVII) was obtained. This substance 
seemed in itself a suitable right-hand component for our projected porphyrin 
synthesis, and the scheme was forthwith put to the test, with the readily 
available symmetrical dipyrrylmethane (XXVI) as the second. left-hand 
component. We were pleased to find even in initial experiments that 


when (XXVI) and (XXVII) were condensed in the presence of acidic 


reagents under mild conditions, reaction mixtures were obtained, from 
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( XXVI) (XXVIT) (XXVIII) 


which, after oxidation with iodine, small amounts of porphyrin were 


formed, and more so to succeed, after assiduous variation of experimental 


conditions, in preparing the porphyrin (XXVIII) in the pure condition in 


a yicld approaching 25 per cent. By any previous standard, this result 


approached the fabulous, but we knew that for our purpose it was still far 


from satislactory. Let us consider the use, in such a reaction, of the actual 
left-hand component (XXXII) we had in mind. This substance was 
readily prepared by reduction of the dipyrromethene (XX X1), itself obtained 
by condensation of the aldehyde (XXX) with the aminoethyl pyrrole 


NH NH, 


H2C 


\ 
NH 
(XXX) Me“ J 
CH, CH2 
CH2 CH2 
COOMe COOMe COOMe 


( XXXII) 


(XXX1) 


XXIX). We may note again that two products might have been formed 
in this condensation, but in fact only the desired dipyrromethene (XXXI 
was produced, no doubt largely in consequence of the relatively small bulk 
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of the methyl group, but perhaps partly as a result of some electron with- 
drawal by the positively charged ethylammonium function. Now the new 
dipyrrylmethane (XX XIII) may be expected to, and in fact does, condense 
with the keto-aldehyde (XXXIV) to give, after the appropriate secondary 
treatment, the porphyrin 
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juxtaposition alone which leads to 


At the same time condensation takes place in the alternative sense (XXXVI 
+ XXXVII), to produce a comparable amount of the isomeric porphyrin 


COOMe 


Me 


4 
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(XXXVI) 
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XXXV). 


But there is no reason to suppose 
that the components in this condensation will line up obligingly in that 
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(XXXV) 


the desired product—nor do they. 
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(XXXVIII). Although the combined yield of the two porphyrins was not 
far below that which could be achieved in the simpler case, the amount of 
product useful for our purposes was severely curtailed. And how were we 
to ascertain which of the porphyrins obtained was that of the desired 
structure? Such inelegance, not to say impracticality, could not be 
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tolerated. Our plan for expunging it was simple in principle. We reasoned 
that a preliminary condensation between the aldehyde group of the right- 
hand component (XL) and the amino group of the left-hand component 
(XX XIX) might lead to a Schiff base of the structure (XLI), whose moieties 
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are held in a fixed relationship which would permit of no subsequent con- 
densation other than that leading to a single product of the desired structure. 
The simplicity of this principle was by no means mirrored in a comparable 
ease of its reduction to practice. Indeed, its successful application required 
a long period of exacting and toilsome experimentation. First, it was 
found that pyrrole a-aldehydes, no doubt in consequence of interaction 
between the carbonyl group and the unshared electron pair on nitrogen, 
are relatively unreactive and do not condense with amines to give Schiff 
bases except under conditions of acid catalysis. We found that the aldehyde 
(XL) and other like substances could be brought into reaction with amines 
under acidic conditions as mild as those involving the use of a single molar 
proportion of triethylammonium acetate as catalyst in an inert solvent. 
But, dipyrrylmethanes such as (XXXIX), bearing only alkyl substituents, 
are diabolically sensitive compounds. They are torn to shreds and other- 
wise disastrously transmogrified in the presence of acidic reagents—even 
under the mildest conditions which we were able to define as necessary for 
Schiff-base formation. These circumstances conspired to yield a very 
clear-cut result in all of our early (and not so early) attempts to bring about 
our directed two-stage porphyrin synthesis—namely, not the slightest trace 
of porphyrin was obtained! Clearly, it was not possible to effect the desired 
preliminary reaction without rendering the left-hand moiety useless for the 
necessary subsequent changes. We did, however, in the course of these 
experiments, discover that the aldehyde (XL) was very smoothly converted, 
by ethylamine in the presence of acetic acid, into the simple Schiff base 
(XLII). Our next assault involved attempts to bring about the preliminary 
union of (XLII) with the left-hand component (XXXIX) by an amine- 
exchange reaction. These experiments showed some promise, and might 
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h considerable further expenditure of effort have been driven to a point 
at which they would provide a basis for a moderately satisfactory result. 
but they were rendered obsolete by the discovery that the .V-cthvlimino 


compound XLII) could be converted smoothly, by hydrogen sulphide in d 
benzene methanol, to the thioalde hyde XLITI . T he latter was found to 
indergo extremely rapid condensation with primary amines in inert 
S ts hout necessity for catalysis. It was now no more than a matte1 
of pro ged diligent experimentation to develop an entirely satisfactory 
me lor the preparation of the extraordinarily sensitive Schiff base (XLI). 


dipyrrot hen NXXI) is reduced in aqueous solution with a large 
EXCESS <iium borohydride, and the resulting dipyrrylmethane (XXXII 
s extracted immediately into methylene chloride and treated at once with 
an equivalent amount of the thioaldehyde (XLIIT). The methvlene 


immediately, and the resulting Schiff base 
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XLI) is introduced without delay into saturated methanolic hydrogen 
chloride at room temperature. The acid treatment of the Schiff base 
brings about a rapid and smooth conversion to the cation (XLIV), which 
we were able to isolate in the crystalline state as the dibromide. It is clear 
that the formation of the cation must proceed through several stages. 
Spectroscopic examination of the course of the reaction has provided 
evidence that a different, but similarly constituted, cation is first produced, 
and there is every reason to suppose that an initially formed bis(dipyrro- 
methene) (see XVI) is immediately deprotonated to give either or both of 
the cations (XLV) and (XLVI). Tautomerization then leads to the more 


NH3 NH; 


CH2 


COOMe 
(XLV) 


stable isolable cation (XLIV); it is worthy of note that we see here, for the 
first time in our synthetic experiments, the operation of the steric com- 
pression factors which we discussed at some length earlier. The cation 
XLIV) is a representative, in the salt form, of an entirely new class of 
substances. First found in the experiments just described, it will be en- 
countered again in the sequel, and indeed we may mention further that we 
have prepared members of the class in several different ways. We feel 
certain that these substances will play a sufficiently important réle in the 


future to justify their being given a class name, and we here designate 
compounds of the structure (XLVII) as phlorins. Phlorins give bright pure 
blue solutions in organic solvents, while similar solutions of the corresponding 
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salts are green. Except in one respect, the phlorin salts are remarkably 
stable substances. They can be kept in solution in concentrated sulphuric 
acid for long periods of time without change, and survive treatment in 
acidic or neutral solvents at elevated temperatures for extended periods. 
The one sense in which they show instability lies in the great ease with 
which they are converted to porphyrins by oxidizing agents, such as oxy gen, 
chloranil, or the halogens. It is interesting to speculate that the phlorin 
salts might be deprotonated, from carbon, to give an isophlorin of the 
structure (NLVIII); that fascinating array contains a continuous cvclic 
conjugated system, but it is one containing 20 -electrons (#4 4n + 2). and 
it might be considered reasonable for it to lose two electrons with ease. to 


(XLVI) (XLIX) 
directly the porphyrin double salt XLIX Of course, it is also 
and perhaps in acidic media more likely—that the oxidation 
s direct attack of the oxidant upon the »-hydrogen atom, or de- 


ol ihe true Tinh XI \ I! to an isoporphyrin The 


s has not hitherto been encountered, or postulated, but we 


ll be found to play a role in some base-catalysed 


itral topK ol porphyrin synthesis, we found, in 
rable to isolate the intermediary cation (XLIV\ 


Rather. 1 acid condensation reaction mixture was treated directly with 


excess sodine to effect oxidation; further, to facilitate isolation, the resulting 
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porphyrin was acetylated directly with acetic anhydride in pyridine. After 
this sequence, the porphyrin (LI) could be isolated in the pure crystalline condition 
in an overall yield of 50 per cent from the components (XX XI) and (XLIII), introduced 
at the beginning of the series of fwe reactions. Moreover, no other porphyrin was 
produced as a contaminant. After our description of the development of 
the method, it will come as no surprise that the experimental protocol for 
the sequence is exacting in the extreme; but to place the method in per- 
spective, we may point out that our experience has demonstrated time and 
again that a skilful, patient and knowledgeable investigator can prepare the 
porphyrin (LI), almost a gramme at a time, in a precisely reproducible 
manner, and that during the course of our investigations, we have prepared 
upwards of 50 g of that substance. It is of some interest that the reactions 
are not carried out under conditions of high dilution, and that what might 
have been regarded as a formidable problem—the closure of a sixteen- 
membered ring—in fact presents no occasion for difficulty. No doubt the 
considerable elements of rigidity in the backbone of the open-chain precursor 
render the ring-formation reaction essentially comparable with that of a 
five- or six-membered ring from simpler progenitors. 


We turn now to the second major phase of our investigation. With the 
porphyrin synthesis well in hand, we had to come to grips with the problem 
of introducing the extra hydrogen atoms—those at positions 7 and 8 in 
chlorin ¢. It will be recalled that we considered in our planning the 
possibility that hydrogen atoms might be induced to wander to the desired 
positions from another site in a suitably constructed porphyrin. Were (LI) 
such a suitably constructed porphyrin, it was now time for the wandering 
to begin—and begin it did—though it stopped short of our desire! When 
the porphyrin (LI) was heated in acetic acid for a short time in the absence 
of air, a reaction mixture was obtained whose spectrum we recognized at 
once. It was that of a phlorin salt, and it soon became clear that the 
porphyrin had suffered ready acid-catalysed conversion to (LII). No doubt 
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difficult to conceive of a path which permits the interconversion of our 
porphyrin and our purpurin, but it may be doubted that the purpurin 
would predominate as much as it does in the equilibrium between the two 
substances were its ring not forced shut by the « rowding in the highly sub- 
stituted porphyrin. In fact, the equilibrium constant is 5:3 in favour of 
the purpurin, and since the equilibrium is cleanly established, it is possible, 
through recycling, to effect the preparation of the purpurin (LIV) from its 
precursor in almost 70 per cent yield. A second point relevant to this 
equilibrium is of great moment. Why does the reaction proceed in the 
sense indicated, rather than to give the alternative product (LV), by a 
similar cyclization involving formation of a new bond to C-6? It is of 


much interest that (LV) is, in fact, a very minor participant in the equilibrium 


system; it too has been isolated and characterized. and its properties leave 
no doubt about its relationship to (LIV). It will be noted that, in the 
formation of (LV), the carbomethoxy group at C-6 is removed from con- 
jugation, while no such adverse factor is involved in the formation of the 
major product (LIV). Further, it may be suspected that the difficult 
steric situation in the porphyrin (LIIT) is more effectively relieved by the 
changes leading to (LIV) than by those which give (LV). Finally, we 
should take note of the fact that the stereochemistry of our purpurin may be 
adopted with confidence as written, since in an equilibrium process the 
more stable of two possible stereoisomers will be formed: there can be no 
doubt that (LIV) represents a more stable arrangement than that in an 
isomeric substance whose methyl and propionic ester groups, at C-8 and 
C7 respectively, are on the same side of the molecula plane. 

In the purpurin (LIV), our task of placing hydrogen atoms at C-7 and 
C--8 was half done, in that one of the two needed had been placed at C-8. 
Further, we should emphasize that the method of its placement is a most 
satisfying one in that it is structurally significant—that is, the reaction 
involved is one which can place the atom in question only at the desired 
position and no other. It was now necessary to consider the removal, and 
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replacement by another hydrogen atom, of the platform from which the 
first was delivered. But first a simple but important change elsewhere in 
the molecule should be described. The acetylamino-group of the purpurin 
LIV) was readily hydrolysed, by hot In methanolic hydrogen chloride, 
and when the resulting amino-compound (LVI) was treated with excess 
of methyl sulphate and methanolic sodium hydroxide, the vinyl purpurin 
LVIII) was produced directly in high yield. Clearly, the intermediary 
trimethylammonium compound (LVII) not surprisingly, suffers very ready 


ch, 
CH, COOMe 
MeOO0C 


Hofmann elimination. Now the new purpurin (LVIII) was found to be 
susceptible to a most extraordinary and useful change. When it was 
illuminated strongly with visible light, in the presence of air, it was rapidly 
and smoothly transformed into the keto-aldehyde (LIX). It should be 


CH, 
i! 


Me \}—Me 
i 
CH, COCHO COOMe 
CH, COOMe 


MeOOC 
(LIX) 


noted that the reaction is highly selective, in that neither the chlorin ring 
system nor the attached vinyl group is attacked in the slightest degree. 
It is quite possible that the strain within the five-membered ring of (LVIIT) 
is a factor in bringing about this high selectivity, but we suspect that special 
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electronic factors beyond our present powers of delineation may be involved 
at least in equal measure. In any event, it may be regarded as singularly 
appropriate that a photochemical reaction should play a prominent role 
in the synthesis of chlorophyll. 

The methoxalyl group at C-7 in the purpurin (LIX) is so placed that it 
may be expected to suffer ready cleavage from the nucleus to which it is 
attached by basic reagents. And indeed, when (LIX) was treated with 
dilute methanolic potash, the anticipated change did occur. At the same 
time, independently, the base attacked the aldehyde group in an entirely 
predictable manner, and the product of the reaction was the methoxy- 
lactone (LX). The latter is the racemic form of a known substance, 


* 
cH, 49 


| 
COOH 


(LXI) 


isopurpurin 5 methyl ester, which was prepared‘ many years ago—though 
formulated in a different, incorrect, manner—in Fischer’s laboratory, by 
degradation of chlorophyll. Consequently, at this point we were able, for 
the first time, to establish a connection with natural materials; the quanti- 
tative infra-red spectra in solution, and the visible spectra of the synthetic 
racemic ester and the corresponding optically active material of natural 
provenance were identical in every respect. It is of importance to note 
that the method of synthesis of isopurpurin 5 methyl ester confirms the 
trans disposition of the hydrogen atoms at C-7 and C-8. For, in addition 
to the normal preference for retention of configuration in electrophilic 
displacements at carbon, there is in the case at hand the added factor that 
inversion at C-7 would involve passage of the propionic ester chain at C-7 
through a molecular plane much crowded by the substituents in the 
y-position. 

When the synthetic isopurpurin 5 methyl ester was hydrolysed with very 
dilute sodium hydroxide in dioxane/water, it was transformed into racemic 
chlorin 5 (LXI1), which was then converted into a mixture of the correspond- 
ing diastereomeric quinine salts. The resolution of the mixture was not 
especially easy, since both salts crystallized, but, when the proper con- 
ditions had been defined, it proceeded with high efficiency. One of the 
salts so obtained was identical in every respect with a similar substance 
prepared from natural materials, as was the chlorin 5 regenerated from it®. 
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Further, when the resolved chlorin 5 was treated with diazomethane. it was 
converted to totally synthetic optically active purpurin 5 dimethyl este: 
LXII), which was identical in all details with a sample of natural origin®, 
When purpurin 5 dimethyl ester (LXII) was treated briefly with hydrogen 
cyanide in dichloromethane in the presence of triethylamine, it was con- 
verted in very high yield into the cyanolactone (LXIII)?. The lactone. 
treated for a very short time with zinc and acetic acid, was reduced to the 


acid (LXIV, R H), which, with diazomethane, gave the ester (LXIV. 


R Me). Treatment of the latter with methanolic hydrogen chloride at 
room temperature resulted in methanolysis of the nitrile group, and chlorin e, 
trimethyl ester (LXV = VIII), identical in every detail with an authentic 


sample, was obtained. Our objective had now been reached. and the 
total synthesis of chlorophyll a was complete, since, as we have mentioned 
earlier, the short path from chlorin ¢, back to the chlorophyll a, from which 
the key intermediate is readily obtainable, had been laid down in the early 
work of Willstatter and Hans Fischer’. Thus, Dieckmann cyclization of 
the ester under the influence of sodium methoxide gives methvl phaco- 


phorbide a (LXVI, R Me), one of whose methv! estet1 groups can be 
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(LXVIII) 


replaced by a phytyl group, either by chemical or enzymatic means. Then, 
the magnesium atom may be introduced into the resulting phaeophytin a 


LXNVI, R Phytyl), through the agency of basic magnesium halides, to 
give chlorophyll a itself (LXVII I). We should not neglect to acknow- 
ledge at this point the contribution of Burrell, Jackman, and Weedon, who 


only last year established the stereochemistry of, and synthesized, optically 
active phytol® (LXVIIT), which, though its réle in the chemistry of chloro- 
phyll is minor, is none the less an integral part of the complete molecule. 


Now that the synthetic phase of our interest in chlorophyll has been 


brought to a successful conclusion. it is perhaps worth while to look back 


briefly in a very general way over the development of the investigation. 


As all projects of such magnitude must be, this one was planned in a fairly 


elaborate way at the outset. The measure in which our initial plans were 


realized is very gratifying, but it is at least equally so that major elements 


of discovery, and increase in understanding through observation and 
experiment, were involved in our progress. We learned and established 


much about this important class of compounds which could not have been 


known, or at best could only have been dimly foreshadowed, before our 


work was carried out. This fascinating aspect of work in chlorophyll 


chemistry has by no means been exhausted—indeed, we feel that ou 


studies have opened up many more avenues than they have traversed, and 


we do not hesitate to hazard the opinion that the area is one from which 
much increase in chemical knowledge and understanding is to be had in 
the future. 


It remains to thank with all the warmth at my command those who 
fought and enjoyed the battle with me. During the first year (1956-57), 
I had the good fortune to be associated with Drs John M. Beaton, Gerhard 
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Closs, Albert Langemann, and Zdenek Valenta. These men did much 
exploratory work, established the validity of our general approach to 
porphyrin synthesis, and made the observations which provided an important 
clue to the problem of passing the barrier between the porphyrins and the 
chlorins. Their places were taken, during 1957-58, by Drs William A. 
Ayer, John Hannah, and Fred P. Hauck. This second group did much 
to develop and improve the methods of synthesis of our dipyrrylmethane 
intermediates, performed Herculean preparative tasks, and brought much 
further understanding to our studies of chlorin formation. They. in their 
turn, were replaced (in 1958-59) by Drs Raymond Bonnett, Hans Dutler, 
Sho 1t6, Jirgen Sauer, and Heinrich Volz, whose victory it was to bring 
our orientationally directed porphyrin synthesis into being. Of this group, 
Dr Dutler remained for half of the succeeding year, and was joined by 
Drs Paul Buchschacher, Friedrich Bickelhaupt, Eugene Le Goff, Willy 
Leimgruber, and Walter Lwowski, who brought the work to its successful 
conclusion. It has been a great privilege to share with these men the 
pleasures and vicissitudes of a long and fascinating journey. Finally, all 
of us wish to express our warm appreciation to the National Institutes of 
Health, the National Science Foundation, and Research Corporation for 
generous support, to Chas. Pfizer and Co., Inc., for support and invaluable 
assistance in the preparation of primary intermediates in quantity, to 
Professor Dr Arthur Stoll and Sandoz A.G. for a handsome gift of methy! 
phacophorbide a, and to Drs Stephan Sallay and Wolfgang H. F. Sasse 


for them co-operation in certain phases ol our work. 
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CHEMISTRY OF THE ACTINOMYCINS 


H. BrRocKMANN 


Organisch-Chemisches Institut der Universitat, Gottingen, 
German Federal Republic 


The actinomycins are yellow-red crystalline antibiotics that are produced 
by various species of Streptomyces. Streptomyces is a genus of soil microbes that, 
on the basis of its morphology, has a position between the fungi and the 
bacteria. 

The actinomycins are highly toxic and cannot, therefore, be used in the 
treatment of infectious diseases. They are, however, of interest because in 
small, non-toxic dosages they have an anti-cancer effect in laboratory 
animals, and in man a favourable effect on Hodgkin’s disease, a cancer-like 
disease of the lymphatic system. Moreover, it has been observed that 
actinomycins are able to stop the development of various human tumours, 
and to increase the effect of radiotherapy in the treatment of some forms of 
tumours! 

During the last few years we have been investigating the structure of 
the actinomycins. In the course of these studies, we have been able to 
clarify the constitution of some of them, and to find a method for their 
synthesis. A brief account of this work® will be given here. 

Strains of Streptomyces able to synthesize actinomycins usually produce 
several actinomycins simultaneously. These mixtures of actinomycins 
form mixed crystals, and cannot be separated by fractional crystallization. 
In the early investigations, these mixtures were believed to be homogeneous 
substances. Methods for the separation of such actinomycin mixtures by 
counter-current distribution or partition chromatography were first de- 
veloped in our Institutet. By means of these methods, it was possible to 
separate small quantities of actinomycins and to identify them by their Rp 
values. Moreover, it was then possible to obtain homogeneous actinomycins 
in larger quantities, so that thereafter all experiments designed to clarify 
the structure of the actinomycins were on a sure basis. In the course of our 
investigations, we have isolated from different strains of Streptomyces nine 
crystalline actinomycins, and the total number has been raised to twenty- 
four by other workers. 

The first chemical investigations carried out with mixtures of actino- 
mycins by Todd, Johnson and co-workers, as well as by the author and 
co-workers*, showed that the molecule of the actinomycins consists of a 
polypeptide moiety and a part responsible for the yellow-red colour of the 
compounds. Thus the actinomycins are representatives of a new class of 
natural products which can be named “ chromopeptides ” 

When homogeneous actinomycins were at our disposal, we continued 
our work on their structure and decided to concentrate initially on one of the 
actinomycins, namely actinomycin C,. By hydrolysis of actinomycin C, 
with dilute and with concentrated hydrochloric acid, or with dilute sodium 
hydroxide, we obtained a number of degradation products, the structure 

of which enabled us to propose’ for actinomycin C, the formula (1). 
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A fission of the chromophore which did not harm the peptide groups 
was achieved by oxidation of desamino-actinomycin C, (VII), a derivative 
which can be obtained in nearly quantitative yield by mild hydrolysis of 
actinomycin Cy, (I) with dilute hydrochloric acid. Treatment of desamino- 
actinomycin C, (VII) with hydrogen peroxide in acetic acid yielded a 


colourless crystalline degradation product which was shown to have the 


structure (VIII). In other words, the degradation product contains one 
intact peptide lactone group of the actinomycin C,, thus proving that 
actinomycin C, has two peptide lactone groups*, as shown in formula (VII). 

The structure of the actinomycin Cy, in particular the fact that it contains 
two identical peptide groups, raises the question of how the actinomycins 
are synthesized in the cell. 
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We arrived at a hypothesis for this biosynthesis from the results of experi- 
ments on the synthesis of the chromophore of actinomycin C,. This 
chromophore can be produced® easily by oxidative condensation of two 

hydroxy-4-methylanthranilic acid (IX). A similar condensa- 

the acid (IX) is linked via its carboxyl group to the 

uno group of an amino-acid, dipeptide, tripeptide, or tetrapeptide, as is 
by the general formulae (XI) and (XII). In this way. we were 

to synthesize a number of actinoc inyl-peptides of the general formula 
from precursors similar to (XI). The observation that these 
condensations can be carried out in water at pH 7-8 with air as an oxidant, 
led us to the assumption’ that the actinomycins are synthesized in vivo in a 
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similar way. Actinomycin C, would then be built up by the oxidative 
condensation of two molecules of a precursor (XIII). On this hypothesis, 
from two precursors of type (XIII) differing only in the structure of their 
peptide groups, the cell should be able to synthesize four different actino- 
mycins: two with identical and two with different peptide groups. How far 
this prediction is in accordance with the experimental findings will be 
discussed later. 

After the structure of actinomycin C, had been determined, we turned 
our attention to the question of how the other actinomycins differ from actino- 
mycin Cy. As has already been mentioned, strains of Streptomyces able to 
synthesize actinomycins usually produce a mixture of different actinomycins. 
An investigation of the actinomycin mixtures of twenty-one strains showed 
us that these strains can be classified into three groups according to the com- 
position of their actinomycin mixtures. One of these groups produces an 
actinomycin mixture, designated with the letter C, that contains the actino- 
mycins C, and C, as main components and actinomycin C, in smaller amounts. 

By means of the same degradation methods as those!® employed for the 
investigation of actinomycin C,, we were also able to establish the structures 
of actinomycins C, and C,™. They have the same chromophore as actino- 
mycin C,, and differ from it only slightly in the structure of their peptide 
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Actinomycin C, (XV) Actinomycin C, Actinomycin C, (D) (XVII) 
(XVI) 
Actinomycin C2; 


(H) CH, 
SCH—CH—COOH _>CH—CH—COOK 


( XVIII) (XIX) 


groups. For discussion of these differences it will be convenient to simplify 
the structural formulae in the manner which is illustrated in the case of 
actinomycin C, (1) by formula (XV). The chromophore is symbolized by 
a horizontal line, and the amino and carbonyl group associated with it by 


two short diagonal dashes. The roman capitals indicating the configura- 
tion of the amino- and methylamino-acids are omitted, and the lactone bond 
between the .V-methyl-valine and the threonine is represented by a short 
dash. 
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Actinomycin C, (XVII) differs from actinomycin C, (XV) only in that it 
contains two molecules of valine (XVIII) instead of two molecules of allo- 
isoleucine (XIX). In this connection it should be noted that, on the basis 
of degradation experiments, Johnson and Bullock’ concluded that actino- 
mvcin D (described for the first time in 1954 by Waksman and Vining"*) 
also has the constitution (XVII). This proves unequivocally that actino- 
mvcin D is identical with our actinomycin C,, which was first described in 
1952. Moreover, one of the three groups of actinomycin-producing strains 
mentioned above is characterized by the fact that it produces an actino- 
mycin mixture containing predominantly actinomycin C,. 

Actinomycin C, (XVI) holds an intermediate position between actino- 
mycin C, and Cy. One of its peptide groups has the same structure as the 
peptide groups of actinomycin C, (XV and the other as the peptide groups 
of actinomycin C, (XVII). 

At first we could not eliminate the possibility that actinomycin C, (XVI) 
is a mixture of two isomers, one having the valine and allo-isoleucine in the 
positions shown in formula (XVI), and the other having the positions of 
these units interchanged as indicated by the serpentine line of formula 
XVI). Recently, however, we have been able to show by degradation 


experiments (not discussed here) that actinomycin C, is homogeneous and 


not a mixture of two isomers. 


CH, CH; 
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[a-Ileu] [ Val_] (XXIV) 

[ a-lleu (XXV) 
According to our hypothesis of the biosynthesis of the actinomycins, those 
strains of Streptomyces which produce actinomycins C,, C, and C, simultan- 
eously, would need two precursors for this synthesis. One of them (XXI) 
has p-valine, and the other (XX) has p-allo-isoleucine, in the peptide group. 


Oxidative condensation of two molecules of the precursor (XXI) would 
give actinomycin C, (XXIII). Analogous condensation of two molecules 
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of the precursor (XX) would give actinomycin C, (XXII). On the other 
hand, if one molecule of the precursor (XX) is condensed with one molecule 
of the precursor (XX1), the formation of two isomers is to be expected, one 
that has the valine in the left-hand peptide group and the allo-isoleucine in 
the right-hand peptide group as in the formula (X XV), and the other with 
the positions of these two acids reversed as in formula (XXIV). One* of 
these two isomers is actinomycin C,. 

An indication of the existence of the second isomer is given by an actino- 
mycin which we have isolated from Streptomyces cultures producing actino- 
mycins C,, C, and C;. This new compound, which we have named" 
actinomycin C,,, and which differs only slightly in its Rp value from actino- 
mycin C,, contains the same amino and methylamino acids as actinomycin 
C,. Up to now we have obtained only small quantities of this new actino- 
mycin, so that we have not as yet been able to determine the exact structure 
of its peptide groups. But, in all probability, actinomycin C,, is the isomer 
of actinomycin C, whose existence is to be expected on the basis of our 
hypothesis. 

As already mentioned, all strains of Streptomyces investigated in our 
Institute can be classified into three groups according to the composition of 
their actinomycin complexes. It will be recalled that one of these groups 
produces a mixture of the actinomycins C,, C, and C,, and another group 
a mixture containing mainly actinomycin C,. The third group synthesizes 
an actinomycin mixture that we have designated with the letter X* ™, 
This mixture consists of a main component, named actinomycin X,, and a 
number of other actinomycins, among them actinomycin C,. We have 
shown that all components of the actinomycin mixture X have the same 
chromophore as actinomycins C,, C, and C,. Consequently, they differ 
from each other, and from the C actinomycins, only in the structure of their 
peptide units. 

Actinomycin X,, the main component of the actinomycin complex X, is 
characterized by the fact that it contains one molecule of L-y-oxo-proline!® 
(XXVIII). Two other components contain L-hydroxy-proline (XXX) or 
L-allo-hydroxy-proline (XXIX). The y-oxo-proline (XXVIII) is a deriva- 


tive of proline that was unknown before 1956. It was first synthesized by 
COOH COOH 
NH NH 


i-Proline (X L-y-Oxo-proline (XXVIII) 


/ 


N 
OH 44 


— 


Actinomycin L-allo-Hydroxy-proline (XXIX) .-Hydroxy-proline (XXX) 


*This has now been shown to be (XXV)**. 
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Kuhn and Osswald'’, These authors showed that y-oxo-proline—in the 
form of carbethoxy-oxo-proline-ethylester—is reduced to proline by catalytic 
hydrogenation in acetic acid, and to allo-hydroxy-proline by catalytic 
hydrogenation in methanol. If, on the other hand, the reduction is carried 
out with aluminium iso-propylate, a mixture of the hydroxy-proline and 
allo-hydroxy-proline derivatives is formed. 

We have found that actinomycin X, differs from actinomycin C, (X XVI) 
in that it contains one molecule of L-y-oxo-proline (XXVIII) in place of one 
molecule of t-proline (XXVIII). Actinomycin X,,"*, another component of 
the actinomycin complex X, differs from actinomycin C, in that it contains 
one molecule of L-hydroxy-proline (XXX) in place of one molecule of 
proline (XXVII). 

Finally, actinomycin X,'*, which can also be a component of the actino- 
mycin complex X**, differs from actinomycin X,, only in that it contains one 
molecule of t-allo-hydroxy-proline (XXIX) in place of one molecule of 
t-hydroxy-proline (XXX). 

The close structural relationship of the actinomycins X,, and 
C, was disclosed by reduction studies. Catalytic hydrogenation in acetic 
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acid over a platinum catalyst reduces actinomycin X, to actinomycin C, 
(XXXII), thus proving that actinomycin X, differs from actinomycin C, 
only in that it contains one molecule of L-y-oxo- proline in place of one 


molecule of L-proline®®, 


XXXI 

Reduction by means of aluminium iso-propylate converted the actino- 
mycin X, (XX XI) into actinomycin Xo», whereas catalytic hydrogenation of 
actinomycin X, in methanol gave actinomycin X,,. On the basis of these 
results the formulae (XXXIV) and (XXXIII) can be attributed to the 
actinomycins Xg, and Xo, respectively*®, The serpentine line in these 
formulae as well as in (XXXI) indicates that it is still uncertain whether 
the proline is a part of the left-hand or of the right-hand pe ptide group. 

According to the formulae (XXXIII) and (XXXIV), actinomycin Xop 


$ a stereoisomer of actinomycin X9,, differing from it only in the configura- 


Actinomycin X, can thus be given the formula 


tion of the hydroxyl-substituted carbon atom of the L-hydroxy-proline. This 
slight distinction is sufficient to cause a marked difference in the solubility 
of the two stereoisomers, and also in their antibiotic activity. For instance, 
actinomycin Xg, is about three times as soluble as actinomycin Xo, in 
methanol containing 5 per cent water, and it is about ten times as active 


against Bacillus subtilis as actinomycin X, 


o— o— 


The Thr 


Actinomycin Kopf AXXV ) Actinomycin X,, (XXXVI) 


We have found a new variation of the peptide moiety in two other com- 
ponents of the actinomycin complex X; we have named these®® actino- 
mycin Xo, and actinomycin X,,._ A comparison of their formulae ((XXXV 

XXXVI) ) with that of actinomycin C, (XXXII) shows that actinomycin 
Xoy (XXXV) can be considered as a derivative of actinomycin C,, one 
molecule of sarcosine being substituted for one molecule of proline. Like- 
wise, actinomycin X44 (XXXVI) may be regarded as being a derivative of 
actinomycin C©,, one molecule of sarcosine and one molecule of y-oxo- 
proline being substituted for the two molecules of proline. The serpentine 
line in the formulae again indicates that the positions of the proline and 
sarcosine, or of the oxo-proline and sarcosine, have not been ascertained and 
could in fact be the reverse of that shown. At this point it must be men- 
tioned that Johnson and Mauger,, have investigated an actinomycin, 
designated with the number III, and shown it to have the same amino- and 
methylamino-acids as actinomycin Xgy. Whether our actinomycin Xoy is 
identical with actinomycin III, or whether it is an isomer, remains to be 


c stablished. 
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momvyens had been shown to be chromopeptides, the 


ether the actinomycin-producing organisms could be 


into the actinomycin molecule amino- or methvyl- 
n added to the culture broth 
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actinomycins produced by the so-called “ directed biosynthesis”. If, 
however, it is assumed that the ° 


‘ directed biosynthesis "’ is controlled by a 
tendency to make the structural differences between the actinomycins of the 
“directed biosynthesis” and the “normal” actinomycins as slight as 
possible, we arrive at the formulae (XXXVIII)—(XLIII). 

The actinomycins E, (XXXVIII) and E, (XXXIX) are formed when 
pi-isoleucine is added to the culture broth of strains normally producing 
mixtures of the actinomycins C,, C, and C,. As the formulae show, the 
addition of pi-isoleucine induces the strain to vary the molecule of actino- 
mycin C, by replacing one or both molecules of \-methyl-valine (XL) by 
N-methyl-isoleucine (XLI). 


A second group of new actinomycins, named actinomycins F,, F,, F,, F, 


and F,, was formed when sarcosine was added to the culture broth of 


strains “normally producing the actinomycins C,, C, and C,. The 
formulae of actinomycin F, and Fy, are given by (XLIII) and (XLII) 


respectively. A comparison with the formula of actinomycin C, shows that 


the presence of sarcosine induces the cell to incorporate into the peptide 


groups one or two molecules of sarcosine instead of proline. In the same way 


the peptide groups of the actinomycin C, and C, can be varied by the cell. 


Summarizing the above results on the structural differences of the peptide 


moiety of the actinomycins, one arrives at the following conclusions. In all 


actinomycins that we have investigated, the two carboxyl groups of the 


chromophore, which in all actinomycins has the same structure, are bonded 


to the amino group of two molecules of threonine. Variations in the 


structure of the peptide groups have been found in three constituents of these 


peptide groups, as is shown by (XLIV). The latter is the simplified formula 


of one of the two peptide groups of the actinomycin C,. These groups may 


be regarded as the “ basic structure’ of an actinomycin peptide group. 


CO’. CH, 


(on) 
( 


(XLIV) 
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This “ basic structure * can be varied at the valine and at the \-methyl- 
valine positions by substitution of a methyl group for a hydrogen atom at 
Cy. By this substitution the valine is converted into allo-isoleucine and the 
\-methyl-valine to .V-methyl-isoleucine; variations of this type are possible 
in either or both of the peptide groups. 

rhe proline residue can be varied firstly by the substitution of a hydroxy! 
group for one of the two hydrogen atoms at the y-carbon atom, and sex ondly 
by the substitution of a carbonyl oxvgen atom for the two hydrogen atoms 
at the y-carbon atom of the proline. Finally, one or two molecules of 
sarcosine can be substituted for molecules of proline; in other words, the 
CH,—CH,— group of the proline—see dashed line in formula (XLI'V 


be replaced by two hydrogen atoms. 


can 

Obviously there exist still other variations of the peptide groups. Rex ently 
Keller-Schierlein® and co-workers have isolated five a tinomycins, named 
actinomycin Z,, Z,, Z3, Z, and Z;, that all contain .V-methyl-alanine. Some 
acunomycins similar to these have been isolated in our laboratory. More- 
over, Katz and Goss** have described actinomvcins containing pipecolic 
acid. These actinomycins were produced by the addition of pipecolic acid 
to the culture broth. 

In view of the fact that. up to now, twenty-four different ac tinomycins 
have been isolated from Streptomyces cultures, it will naturally be asked 
whether there are marked differences in the cytostatic activity of these 
actinomvcins. From animal experiments it was discovered that there are 
indeed such differences, although thev do not appear to be significant. 
For this reason, we have att mpted to obtain derivatives of actinomvycins 
in the hope of finding one which has a better carcinolytic a tivity than the 
actinomycins. 

Derivatives of the actinomycins may be obtained in two wavs: firstly, by 
modifying the peptide part, and secondly, by modifying the chromophore. 
lhus far, we have obtained derivatives in which the peptide part is modified 
only from the actinomycins X,, and X,,, which, as already mentioned. con- 
tain hydroxy-proline or allo-hydroxy-proline. Both these actinomycins 
possess a free hydroxyl group (in either the hydroxy-proline or allo-hydroxy- 
proline unit) which can be esterified with acids. On the assumption that 


(CH2),— CH, 
(CH2),-—COOH 


CH 


R 
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the hydroxy-proline or allo-hydroxy-proline is located in that peptide group 
which is bonded to the benzoid ring of the chromophore, the esters of 
actinomycin X», and actinomycin X,, may be represented by the formula 
(XLV), in which R represents the acid residue. With acetic acid and pal- 
mitic acid, we obtained the acetates and palmitates of actinomycins Xo, and 
Xos- These derivatives have less antibiotic and cytostatic activity than the 
parent actinomycins. Esterification was also effected with dicarboxylic 
acids, amino-acids and phosphoric acid. The esters thus obtained have a 
greater solubility in water than the actinomycins used as starting material, 
but their cytostatic activity has still to be determined. 


Except for a few cases still under investigation, the only modifications of 
the chromophore that we have been able to effect are associated with the 
amino group. The derivatives which we have obtained were prepared in 
a manner which is summarized by the formulae (XLVI)- (XLVIII). 


Peptide 


Peptide Peptide Peptide 
| 


CH, CH, CH; CH; 
(XLVI) (XLVI) 


| 
| SOCI, 


Peptide 


Peptide Peptide 


c=0 c=0 


CH; 


(IL) (XLVIII ) 


If an actinomycin (XLVI) is treated under mild conditions (four hours at 
30°C) with 10 per cent hydrochloric acid, one molecule of ammonia is 
split off and a desamino-actinomycin (XLVII) is formed in almost quanti- 
tative yield**, During this process the peptide groups remain intact. In 
contrast to the actinomycins, the desamino-actinomycins have no toxic, 
antibiotic or cytostatic activity. 

We have found that chlorine may be substituted for the hydroxyl group 
of the chromophore of the desamino-actinomycins XLVII) by treatment 
with thionyl chloride. In this way crystalline antibiotically inactive chloro- 
actinomycins (XLVIII) are obtained**, Ifa chloro-actinomycin is treated 
with ammonia, the original actinomycin is recovered2*, 
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The chloro-actinomycins can be treated with primary and seco 

The chi t be treated witl ' d secondary 
amines instead of ammonia** to yield actinomycin derivatives in which one 
(IL) or both of the hydrogen atoms of the amino group of the chromopho 
II both of the hydrog t f th f the cl hore 
have been replaced by alkyl groups or other residues. In this way we have 
prepared a number of derivatives whose biological activity is still under 
investigation??; (L)—(LIII) are the formulae of four such derivatives. 


Peptide Peptide Peptice Peptide 


| 
0 co co 


rome 
\ ae 


) 
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[he dimethyl compound (LII) has only low antibiotic and carcinolytic 
activity. The .\-diethylamino-ethyl derivative (L) also has less antibiotic 
and cytostatic activity than actinomycin C,, but whether its therapeutic 
index is better than that of actinomycin C, remains to be determined. The 
same is true for the triazoly! derivative (LI). The most promising of the 
four derivatives seems to be .V-dimethylene-actinomycin (LIIi). In tumour 
experiments, its therapeutic index is better than that of the actinomycin C,, 
a result that has encouraged us to make this derivative available for clinical 
trials. Its antibiotic activity is less than that of the actinomycin Cs, how- 
ever. 

The modifications of the peptide groups and the chromophore described 
above are limited by the fact that all the reactions involved must be carried 
out under conditions which do not destroy the peptide groups or the chromo- 
phore. From the very beginning it was obvious that this limitation would be 
overcome if the actinomycins and their derivatives could be prepared by 
synthesis. During the last three years we have been attempting to achieve 
this, and very recently we have been successful in synthesizing actinomycin 
Cy. 

Our first attempt to synthesize actinomycin C, was based on the fact that 
the lactone groups of the actinomycin C, (LIV) are hydrolyzed by dilute 
sodium methoxide. The resulting actinomycin C, acid can be given the 
formula (LV). From our work on the synthesis of actinocinyl-peptides, 
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L- (OH) L- (OH) 


ave 


D-a-lIleu D- a-Ileu 
Oin NaOCH, | 
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co 


CH; CH3 


(LIV) (LV) 


we had formed the opinion that it would not be too difficult to synthesize 
the actinomycin C, acid (LV), which is an actinocinyl-bis-pentapeptide. 
Our plan, therefore, was to carry out such a synthesis, and then to cyclize 
the two peptide chains of the actinomycin C, acid by esterification of the 
terminal carboxyl groups with the hydroxyl groups of the threonine resi- 
dues. As this cyclization was expected to be the main difficulty in the 
synthesis, we decided to carry out an initial study with the actinomycin C, 
acid prepared from actinomycin C,, and not with the precious synthetic 
material. However, experiments to prepare sufficient starting material for 
this purpose showed that the opening of the lactone rings was accompanied 
by side reactions, and that the resultant by-products could not be separated 
easily. 

While these experiments were under way, Dr Sunderkétter in our 
laboratory made an observation which opened up a new route for the 
synthesis of actinomycin C,. By treating actinomycin C, (LVI) with con- 
centrated hydrochloric acid for four hours at 40°C, Sunderkétter obtained a 
degradation product which he found to have the formula (LVII)**. This 
product we have named bis-seco-actinomycin C,. Its formation shows 
that concentrated hydrochloric acid attacks the peptide chains of the actino- 
mycin preferentially at the bond between sarcosine and the V-methyl-valine. 
On mild treatment with sodium hydroxide, the bis-seco-actinomycin C, is 
converted into the actinocinyl-peptide (LVIII), which was synthesized in 
our laboratory by Lackner. 

Bis-seco-actinomycin C, (LVII), contains the tetrapeptide L-threonyl- 
p-allo-isoleucyl-L-prolyl-sarcosine, in which the amino group is blocked by 
a carboxy! group of the chromophore but in which the carboxyl group is free. 
In addition to this tetrapeptide, the bis-seco-actinomycin C, contains 
N-methyl-valine with the methylamino group free but with the carboxyl 
group esterified with the hydroxyl group of the threonine residue. In other 
words, the molecule of bis-seco-actinomycin C, contains the two reactive 
groups necessary for a peptide synthesis. 
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It was to be expected, therefore, that reagents producing peptide bonds 
would make it possible to couple the carboxy] group of the sarcosine with 
the methylamino group of the .\-methyl-valine, and thus to regenerate the 
original actinomycin that was used to prepare the bis-seco-actinomycin. 
As Dr Ohly and Dr Sunderkétter in our laboratory have found®*. this reaction 
can be carried out either with cyclohexyl-carbodiimide, following Shechan’s 
method, or with ethyl chloroformate. By means of these reagents. they 
obtained crystalline actinomycin C, (LVI) in a yield of about 2-5 per cent 
from bis-seco-actinomycin C, (LVII). 

In this way a partial synthesis of actinomycin ( , had been achieved. To 
deve lop this partial synthesis into a total synthesis, we had to svnthesize the 
bis-seco-actinomycin ( . This problem was solved in our Institute by 
Lackner™, The separate steps of this synthesis are illustrated by the 
formulac LIX)—(LXXIV), 2-Nitro-3-hydroxy-4-methyl-benzoic acid 
I IX was benzvlated at the hydroxy! group to give the compound LX . 
which was chlorinated by means of thionyl chloride to give the chloride 
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COOH 
CH—CH(OH)~CH, 


(LXI) (LXII) (LXIII) 


LXI). Coupling of this chloride with t-threonine (LXII) in dilute sodium 
hydroxide gave the compound (LXIII). The carboxyl group of the com- 
pound (LXIII) was then coupled with the amino group of the benzyl 
ester (LXXI) of the tripeptide b-allo-isoleucyl-L-prolyl-sarcosine. The 
synthesis of this tripeptide-benzy] ester is illustrated by the formulae (LXIV)- 
(LXXI). 1-Proline was esterified with benzyl alcohol to give L-proline- 


L- Proline + - CH,-OH 
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accomplished by conventional methods of esterification. The desired result 
was finally achieved by using the V.V-~ arbonyl-diimide reagent first intro- 
duced for esterification by Staab®. The compound (LXXIII)_ thus 
obtained was hydrogenated in order to reduce the nitro group and to split 
off the two benzyl groups and the carbobenzoxy group. The reduction 
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product (LXXIV) thus formed was then oxidized by means of potassium 
ferricyanide in phosphate buffer at pH 7-3. In this way we obtained a 
mixture of different products from which we were able to separate by means 
of partition chromatography a compound (LVII) that had the same Rp 
value, the same spectrum, the same functional groups, and the same amino- 
and methylamino-acid content as the bis-seco-actinomycin prepared from 
actunomycin Cy. The best proof of the identity of the two compounds, 
however, was the fact that, by treatment with ethyl chloroformate, the 
synthetic compound (LVII) was converted into a crystalline, yellow-red, 
antibiotically active compound that was identical in every respect with 
actinomycin C, (LVI). 

Phere is no doubt that the other actinomycins can be synthesized in the 
same way as actinomycin Cy. Moreover, it should now be possible to 
synthesize actinomycins and chromopeptides having chromophores and 
peptide parts different from those of the ac tunomycins we have at present. 
Perhaps among such compounds one will be found that has a better cytostatic 
activity than the actinomycins and actinomycin derivatives known at the 
present time. 
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RECENT INVESTIGATIONS ON 
SOME ALKALOIDS FROM INDIAN PLANTS 


T. R. 
Department of Chemistry, Presidency College, Madras 5, India 


The study of alkaloids constitutes one of the most interesting branches of 
the chemistry of natural products. India is endowed with a very rich flora, 
and the ancient Indian system of medicine is largely based on plant remedies. 
Alkaloids have been isolated from many Indian plants reputed to have 
medicinal value, but attempts at structure elucidation have not been made 
in a number of cases. On closer examination, some of these have proved to 
be identical with alkaloids of known structure, as, for example, “* toddaline ”’ 
with chelerythrine', biflorine with protopine?, 


umbellatine with 
berberine®, neprotine with jatrorrhizine*®, “ thalictrine with magno- 
florine’ and “ budrungine ’ with evodiamine®. In some other cases, how- 
ever, there has been scope for structural investigations, and this paper is 
concerned with some of the results obtained in these studies. 

Tylophora asthmatica Wight et Arn. is a perennial climber growing widely 
in the plains of India and is particularly abundant in the shrub jungles near 
Madras. ‘The leaves of this plant have been used as an efficient substitute 
for ipecacuanha. From this plant Ratnagiriswaran and Venkatachalam® 
isolated two crystalline alkaloids, tylophorine and tylophorinine, which were 
characterized through a number of derivatives and assigned the molecular 
formulae C,,H,,O,N and C,,H,,O,N respectively. As a result of our 
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studies, tylophorine? has been shown to have structure (I) and tylophori- 
nine® structure (II). The marked similarity of these structures to that of 
the alkaloid cryptopleurine (III)* obtained from Cryptocarya pleurosperma is of 
especial interest, because 7 ylophora asthmatica (Asclepiadaceae) belongs to 
the Order Tubiflorae of the Metachlamydeae, and is taxonomically far 
removed from Cryptocarya pleurosperma (Lauraceae), which belongs to the 
Order Ranales of the Archichlamydeae. The structure of cryptopleurine 
was determined by X-ray crystallography'®, without recourse to chemical 
studies, and salient features of our degradative studies leading to assignment 
of structures (1) and (II) to tylophorine and tylophorinine may, therefore, 
be of some interest. 

The major alkaloid tylophorine, for which the correct molecular formula 
had been assigned by earlier workers, was found to contain four methoxyl 
groups but no .V-methyl group. On Hofmann degradation, tylophorine- 
methine (C,,;H,gO,N) was formed, which on a second Hofmann degradation 
yielded the basic de-.V-methyltylophorinemethine (C.gH,,O,N) and a 
nitrogen-free product, obviously formed by the replacement of a dimethyl- 
amino group by hydroxyl. ‘These results offered conclusive proof that the 
nitrogen atom in tylophorine was common to two rings. 

On standing in acid solution, tylophorinemethine, a tertiary base, reverted 
to a quaternary form, the iodide of which was isolated and found to be 
identical with racemic tylophorine methiodide. Reversion of a methine to 
the inactive form of the quaternary salt from which it is derived has been 
observed in the case of quinolizidine alkaloids of the canadine type". Such 
a trans-annular interaction is characteristic of eight-, nine- and ten-mem- 
bered rings'®. It may, therefore, be concluded that tylophorinemethine 
has an eight-, nine- or ten-membered ring incorporating the nitrogen atom. 

Treatment of tylophorine with cyanogen bromide gave a high yield of a 
neutral bromocyanamide, which was easily converted into a diethylamino- 
cyanamide on treatment with diethylamine. Since tylophorine has no 
easily reducible unsaturated bonds, the ready cleavage of a carbon-nitrogen 
bond indicated'* the presence of an Ar—C—N— system, and the high 
reactivity of the bromocyanamide pointed to the presence in it of a —CH,Br 
group; hence the partial feature Ar—CH,—N— should be present in the 
alkaloid. The bromocyanamide could be converted into a hydroxycyan- 
amide which regenerated tylophorine on acid hydrolysis. The ring opened 


up by cyanogen bromide should, therefore, be five- or six-membered. 

Emde degradation of tylophorine methochloride yielded iso-dihydrohomo- 
tylophorine, C,,;H,,O,N. This, on dehydrogenation with palladized 
charcoal, gave the non-basic detetrahydro-iso-dihydrohomotylophorine, 


which showed positive pine splinter and Ehrlich tests. That no alteration 
in ring size had taken place was shown by reduction to the original Emde 
base. These experiments established the presence of a five-membered 
nitrogen-containing ring in tylophorine. 

The ultra-violet light absorption spectra of tylophorine and the products 
derived from it by the Hofmann and the Emde degradations were all closely 
similar to that of phenanthrene. The presence of a phenanthrene ring 
was proved, and the orientation of the methoxyl groups in the alkaloid 
established, by the following experiments. iso-Dihydrohomotylophorine- 
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methine was oxidized with potassium permanganate, and the acidic fraction 
was esterified with diazomethane to yield a monoester, C,,H,,O,, and a 
diester, C,,H,,O,. Hydrolysis and decarboxylation of the monoester 
yielded a compound, C,,gH,,O,, corresponding to a tetramethoxymethyl- 
phenanthrene. Identification of this compound was rendered possible by a 
consideration of certain biogenetic aspects. Sir Robert Robinson™ has 
suggested that the phenanthrene ring in cryptopleurine could have been 


formed from two phenylalanine units. It seemed likely that tylophorine 
could have resulted from two dihydroxyphenylalanine units (or their 
equivalent) by coupling in one of three ways. Three of the four tetra- 
methoxymethylphenanthrenes corresponding to these modes of fusion were 
synthesized, and the decarboxylation product was found to be identical with 
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2,3,6,7-tetramethoxy-9-methylphenanthrene, thus proving the presence of a 
phenanthrene ring, the orientation of the methoxyl groups, and one point 
of attachment of the heterobicyclic system in tylophorine. 

The diester, C,,H,,O,, referred to earlier, could be hydrolysed to a 
dicarboxylic acid which was readily converted into an anhydride and an 
imide. The latter was also obtained in poor yield by direct oxidation of 


tylophorine iso-methohydroxide. Several attempts to synthesize 2,3,6,7- 


tetramethoxyphenanthrene-9,10-dicarboxylic acid were made, in parti- 

by oxidation of 2,3,6,7-tetramethoxy-9,10-dimethylphenanthrene 
under a variety of conditions; all these efforts were unsuccessful, however, 
the starting material being either recovered or totally destroved. Ulti- 
mately, 2,3,6,7-tetramethoxyphenanthrene-9,10-dicarboxylimide was syn- 
thesized as follows. Condensation of 2. 3,6, 7-tetramethoxyphenanthrene-9- 
aldehyde with nitromethane vielded the corresponding 9-(2’-nitrovinyl)- 
phenanthrene (IV); this compound was reduced by lithium aluminium 
hydride to 2,3,6,7-tetramethoxy-9-(2’-aminoethy!)-phenanthrene (V), whose 
acety! derivative, on cyclization with phosphorus oxychloride, gave the 
dihydroisoquinoline (VI). Oxidation of the methiodide of (VI) with 
potassium permanganate yielded the required imide (VII), which was 


identical (mixed melting point and infra-red light absorption spectrum 
with the oxidation product from ty lophorine iso-methohydroxide. 


Synthesis of phenanthro-(9,10: 6',7")-indolizidine (X 
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On the basis of these results, tylophorine was uniquely formulated as 
2,3,6,7-tetramethoxyphenanthro-(9,10: 6’,7’)-indolizidine (1), tylophorine- 
methine as (VIII), and iso-dihydrohomotylophorine as (IX). 

In order to serve as a model for the synthesis of tylophorine, synthesis of 
the parent ring system, phenanthro-(9,10: 6’,7’)-indolizidine (X), was 
carried out by the sequence of steps shown in Chart 1. However, this method 
could not be applied to the synthesis of tylophorine itself, since 2,3,6,7- 
tetramethoxyphenanthrene-9-aldehyde, on condensation with 6-nitrobutyl 
benzoate, yielded a complex mixture of as yet unidentified products but not 
the desired nitropentene. Nor could Marchini and Belleau’s method" for 
the synthesis of cryptopleurine be applied, since 2,3,6,7-tetramethoxy-9- 
phenanthrylmethyl chloride failed to condense with proline ester, self- 
condensation of the latter apparently proceeding much faster than the 
reaction with the halide. Ultimately, success was achieved by the following 


route. ‘Treatment of pyrryl magnesium bromide with 2,3,6,7-tetramethoxy- 
9-phenanthrylmethyl chloride yielded 2-(2,3,6,7-tetramethoxy-9-phenan- 
thrylmethyl)-pyrrole (XI). Reduction in acetic acid solution in the 


presence of Adams catalyst gave the corresponding pyrrolidine (XII), 


whose .V-formyl derivative, on cyclization with phosphorus oxychloride, 
yielded the quaternary chloride (XIII). This was reduced by sodium 


borohydride to 2,3,6,7-tetramethoxyphenanthro-(9,10: 6’,7’)-indolizi- 
dine (I). The infra-red light absorption spectrum of the synthetic com- 
pound was identical with that of tylophorine in chloroform solution, 
The synthetic compound was resolved by means of camphor sulphonic 
acid into (—)tylophorine, m.p.289°(d), [a]#? — 11-5°, and (-+-)tylophorine, 
m.p.289°(d), [a]#? + 12-25°. The structure (I) assigned to tylophorine 


was thus proved both by degradation and by synthesis. 
The minor alkaloid tylophorinine required elaborate treatment for 
purification, and, on the basis of analyses of the pure material, the molecular 
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formula had to be revised to C,,H,O,N. The alkaloid contained three 
methoxy! groups and the infra-red light absorption spectrum showed a 
ik band at 3-ly indicating a hvdroxy!l group. The ultra-violet light 

m spectrum was very similar to that of cryptopleurine, and was 

ged on the addition of alkali showing that the hydroxy! group was 
Acetylation yielded an acetate, with infra-red light absorp- 

mn bands at 5-8 and 8. confirming the presence ol a hydroxyl group. 
Mild oxidation of tylophorinine methiodide yielded an acid, which was 


converted into an anhydride under crystallization conditions. Methvlation 


of the acid with diazomethane vielded a diester, ( Hey of ds, m.p. 160 162 


ch was identical with dimethyl 2,3,6-trimethoxyphenanthrene-9, | 0- 


vilate (XIV), obtained similarly from cryptopleurine, kindly pre- 
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starting from 2,3,6-trimethoxy-9-phenanthrylmethyl chloride. The infra- 
red light absorption spectrum in chloroform solution of the synthetic com- 
pound was identical with that of desoxytylophorinine obtained from the 
natural alkaloid, and both substances gave the same methine, C,,H,,O,N, 
m.p.171-5° (identical melting point, mixed melting point, and infra- 
red light absorption spectra) on Hofmann degradation. 

Hydrogenolysis of tylophorinine to desoxytylophorinine under the con- 
ditions employed indicated the presence of a benzyl alcohol system. Since 
tylophorinine does not show the properties of a carbinolamine, the hydroxyl 
group could be uniquely located and tylophorinine itself assigned structure 

II). 

Tylophorine and tylophorinine are the only two alkaloids known at 
present which are phenanthroindolizidines. The Asclepiadaceae are a 
large family of some 1,800 species, there being a record of 140 species in 
India alone. Further search in this family may bring to light many more 
alkaloids of this type. 

The Menispermaceae are one of the families of which quite a large number 
of species has been examined for alkaloids. While protoberberines and 
aporphines have been isolated from some, the predominant type found in 
this family is the biscoclaurine type of which more than thirty alkaloids 
are known at present'*. In India, there is a record of only eleven genera 
and eighteen species belonging to the Menispermaceae. The isolation of 
tiliacorine from Tiliacora racemosa Colebr. has been reported by various 
workers'’, who have recorded for the alkaloid different melting points 
and analyses. Tiliacorine was isolated by us by a modified procedure 
and purified by chromatography, and gave analyses corresponding to 
C,,H,O,N,(OCH,),. The alkaloid was soluble in Claisen’s alkali, 
indicating the presence of a hindered phenolic hydroxyl group. The 
ultra-violet light absorption spectrum was very similar to that of trilobine 
and dihydromenisarine (Amax 
log « 3-48 


295 my, log e 3-91; Amin 265 my, 

With a mixture of sulphuric and nitric acids, the alkaloid gave the same 
characteristic blue colour as trilobine, menisarine and isotrilobine, indicat- 
ing the presence of a dibenzodioxin system'*. Conventional procedures'* 
which were applied in the case of biscoclaurine alkaloids (such as Hofmann 
degradation followed by ozonolysis, or cleavage with sodium and liquid 
ammonia) failed to yield any useful result. However, direct oxidation 
studies were fruitful, and made it possible to assign a structure to tilia- 
corine’®, 2°, 

Oxidation of O-methyltiliacorine dimethiodide with potassium perman- 
ganate yielded an acid, CygH, ,O,, which gave a dimethyl ester, C,,H,,O,. 
This was surprising, since all known biscoclaurine alkaloids containing a 
dibenzodioxin system yield only 2-methoxydiphenyl ether 4',5-dicarboxylic 
acid, CyH,,O,. The acid, contained two methoxyl groups, 
and could not have been a dimethoxydiphenyl ether dicarboxylic acid which 
would have had the formula C,,H,,O,. Decarboxylation of the acid, 
Cy.H,,O,, yielded a compound, C,,H,O,. The ultra-violet light absorp- 
tion spectrum and the formula of this substance suggested that it could be 
2,2’-dimethoxydiphenyl, and this was confirmed by comparison with an 
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OCH; OCH; 


3 


authentic sample. If tiliacorine is a biscoclaurine type alkaloid, the point 


of attachment of the diphenyl to the rest of the molecule should be through 


the 5- and 5’- positions. Consequently, the acid, ¢ eth, ,O,, should be 


6: 


2,2'-dimethoxy-5,5'-dicarboxydiphenyl (XVII), and this was confirmed 


by direct comparison of the acid and its dimethyl ester with authenti 
specimens'®, 


Chart 2. Synthesis of 2-methoxy-2’-cthoxy-5.5-dic arboxydiphenyl 


NO, 
CH NO. 


CHO 


rhe isolation of arboxydipheny! clearly indicates 


that tiliacorine is derived from two molecules of coclaurine. the carboxv] 


groups at the 5,5’-positions labelling the points of attachment of the dipheny! 


system to the two isoquinoline moieties. Tiliacorine is thus revealed as a 


new type of biscoclaurine alkaloid in which the benzyl residues of the two 


coclaurine units are linked directly, and not through oxy gen as is the case in 


all instances recorded so far. Numerous examples of such a phenol coupling 


are known, the aporphines being a familiar example**. The surprising 


thing, therefore, is not the direct coupling between the two benzyl moieties 


observed in tiliacorine, but that such a type has not been encountered so 


far, although the chemical examination of over fifty species of Menisperm- 


aceae and Magnoliaceae is on record. 


Oxidation of tiliacorine dimethiodide itself vielded +-methoxyisophthalic 


acid. This indicated the location of the phenolic hydroxyl group in the 


diphenyl unit, and this assignment was confirmed by the formation of 


2-methoxy-2’-ethoxy-5,5'-dicarboxydiphenyl on oxidation of O-ethyltilia- 


corine dimethiodide*®. An authentic specimen of this acid was synthesized 


by a novel method, illustrated in Chart 2, which utilized nitromalonaldehyde, 
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in a manner similar to that used by Hill and Hale many years ago for the 
synthesis of p-nitrophenol derivates”. 

Analytical results are in agreement with the presence in tiliacorine of a 
dibenzodioxin ring, which was indicated by the colour reaction, and also 
with the location of two of the methoxyl groups in this unit. With these 
considerations in mind, and on the basis of the Faltis theory”, tiliacorine 
could almost certainly be formulated as (XVIII). The alternative structure 
(XIX), involving the 5,6-positions of the isoquinoline moieties, is of a 
type that has not been encountered in Nature so far. 


‘CH H,C- 


y 


OH OCH, 


(XVIII (XIX) 


It was necessary to degrade tiliacorine to an identifiable dibenzodioxin 
derivative, so that the presence of this ring system in the alkaloid, and the 
orientation of the substituents suggested in structure (XVIII), could be 
unequivocally established. With this object, tiliacorine was oxidized with 
manganese dioxide-sulphuric acid™ to yield a compound which was 
isolated as the quaternary iodide, C,,H,,O,N,I,, and which can be for- 
mulated as (XX) on the basis of structure (XVIII) for tiliacorine. Since 


(XX) 


the oxidation with manganese dioxide gives very poor yields, further 
degradation based on the oxidation product has not been feasible. It is 
hoped that it will be possible to prove structure (XX) for the quaternary 
iodide by synthesis. The amine (XXI), has been synthesized, and this is 
expected to lead not only to the quaternary iodide (XX), but ultimately to 
the synthesis of the alkaloid itself. 
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(XX1) 


The Apocyanaceae are a large family rich in alkaloid-bearing plants, as is 
seen from the fact that no less than two hundred of the thousand and more 
alkaloids known at present have been obtained from plants belonging to this 
family®*. Though steroidal alkaloids have been found in certain genera, the 
majority of Apocyanaceous plants so far investigated yield indole alkaloids 
of greater or lesser complexity. The presence of alkaloidal material in 
Alstonia scholaris, a tall graceful tree growing all over India, has been known 
for nearly a century, but it was through the work of Goodson and Henry** 
that reliable data were first provided. These authors isolated the principal 
alkaloid, echitamine, as its “ hydrochloride’, and characterized it by 
preparation of several derivatives. They showed that it contained a 
carbomethoxy group, and, by means of colour reactions on the alkali-fusion 
products, demonstrated the presence of an indole nucleus. Recently, 
echitamine has aroused considerable interest***~*, and, while it is not possible 
to outline all the work carried out by the different groups of investigators, 
salient features can be summarized. 

The alkaloid was easily recognized to be a dihydroindole derivative from 
its ultra-violet light absorption spectrum. The presence of an allyl quatern- 
ary ammonium system was established by reduction of echitamine chloride 
to a tertiary base, originally formulated by us as C,,H,O,N,, but later 
shown to be C,,H,O,N, by Conroy ef al.27", The tertiary base gave an 
N,-acetyl* derivative (colour reaction, infra-red and ultra-violet spectra), 
showing the presence of an —N,H group. Selenium dehydrogenation 
of the tertiary base yielded 1'-methylpyrrolo-(2’,3':3,4)quinoline (XXII), 


BS 
N—CH3 


(XXII) 


whole identity, surmised on the basis of its analysis and ultra-violet light 


absorption spectrum, was confirmed by comparison with an authentic 
specimen obtained by silver acetate oxidation of calycanthine. On zinc 
dust distillation of what was presumably the same tertiary base, Birch, Hodson 
and Smith obtained 1',2-dimethylpyrrolo-(2’,3’:3,4)quinoline (XXIII). 


* The nitrogen atoms in the molecule are designated Ng and Np. 
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A> N—CH3 


(XXIII) 


In our attempts to formulate a structure for echitamine, we were largely 
guided by the work of Hodson and Smith** on the ultra-violet light absorp- 
tion characteristics of dihydroindoles in neutral and in acid solution. When 
these observations were taken into account, the ultra-violet light absorp- 
tion characteristics of echitamine and several products derived from it 
appeared to indicate the presence of an Nag—C—Np system. Although the 
tertiary base, C,,H»gO,N,, obtained on reduction of echitamine chloride, 
did not undergo the reductive cleavage characteristic of eserine-like com- 
pounds, its methiodide underwent ring opening on treatment with cold 2N 
alkali to yield a compound, C,,H3g0,N,, which could be deoxygenated to 
a second tertiary base, C,,H3gO,N,. Any structure proposed for echitamine 
will not be acceptable unless it is capable of explaining these results*. 

Some other experimental work having a bearing on the structure of 
echitamine carried out in our laboratory is shown in Chart 3. In order to 
avoid confusion, the terms “ echitinolide ” and “ isoechitinolide ”’, suggested 
by Conroy et al., have been adopted. 


Chart 3. Synthesis of echitinolide, isoechitinolide, and their acetyl derivatives 
from echitamine 


dilute 
Echitamine chloride — > Demethylechitamine 


NaOH 
Pd/C | 


AO Echitinolide Amino-acid 
O,N-Diacetylechitinolide <—— C H..O.N (no i.r. band in CO region below 6-2) 


| dilute NaOH 


dilute HCl dilute HCl 


N-Acetylechitinolide 


| dilute HCl = 


N-Acetylisoechitinolide Isoechitinolide 


C,,H,,ON, 


It was obvious that isoechitinolide must be a lactone, since it was obtained 
from demethylechitamine. The third oxygen atom must be present as an 
ether, since the compound was recovered unchanged after refluxing with 
sodium borohydride in methanol solution, and since it did not contain a 


* See p. 437. 
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hydroxyl group, as shown by the absence of active hydrogen in N-acetyl- 
isoechitinolide. Furthermore, isoechitinolide did not also contain the 
double bond originally present in echitinolide, since its N-acetyl derivative 
was recovered after treatment with sodium periodate—-osmium tetroxide. 
These results could not be satisfactorily explained on the basis of our original 
presumption that the reduction product of echitamine chloride was an 


ester. Indeed, we discovered that our “ dihydroechitamine” was a 
lactone, since Zeisel determination showed no methoxy! group, and it 
should really be formulated as C,,H,O,N,. At this stage, a paper by 


Conroy et al. appeared in which it was recognized that the initial product of 
reduction of echitamine is so consistituted as to lose spontaneously a molecule 
ae of methanol with the formation of a lactone. These authors also clearly 


established the presence of a HOCH,—C—COC ICH, moiety, and suggested 
the structure (XXIV) for echitamine chloride and (XXV) for ec hitamine 


OH 
OM cH, 
CH, 
N 
H COOCH 
( XXIV) (XXV) 

base. The formation of alloechitamine. with the properties described for it, 
is not compatible with alternative structures. The sequence of reactions 


starting with echitinolide methiodide referred to earlier is also satisfac torily 
explained, since the system O—C—N present in echitinolide might be 
expected to simulate the behaviour of the N—C—N system present in 
eserine-like compounds. 

Conclusive proof of the structure (XXIV) suggested for echitamine 
chloride could be provided by correlation with some compound of 
established structure, ¢.g. the alcohol (XXVI). obtained fromthe 
Wieland-Gumlich aldehyde?*, 


ye cle 
y— CH, 
7 
(XXV1) 


In a recent survey*®, it has been estimated that hardly 2 per cent of the 
191,000 species of flowering plants has been examined for alkaloids. The 
alkaloid chemist need never be at a loss for interesting problems, and there 
will always be enough around to beguile his wits. 
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Note added in proof 

Professor J. M. Robertson and co-workers have solved the structure of echitamine 
by the X-ray method working on crystals of echitamine bromide methanol solvate*), 
This structure (XXVII) has been confirmed independently by the X-ray investigations 
of crystals of echitamine chloride and iodide®*. 


(XXVID 
References 


' T. R. Govindachari and B. S. Thyagarajan. 7. Chem. Soc., 1956, 769 
* T. R. Govindachari, K. Nagarajan, B. R. Pai and S. Rajappa. 7. Sci. Ind. Research 
India), 17B, 73 (1958 
* T. R. Govindachari, B. R. Pai, 8S. Rajadurai and U. Ramadas Rao. Proc. Indian Acad. 
Sci., 47, 41 (1958 
*K. W. Gopinath, T. R. Govindachari, 8. Rajappa and C. V. Ramadas. 7. Sci. Ind. 
Research (India), 18B, 444 (1959 
®* K. W. Gopinath, T. R. Govindachari and U. Ramadas Rao. Tetrahedron, 8, 293 (1960) 
* A. N. Ratnagiriswaran and K. Venkatachalam. Jndian 7. Med. Research, 22, 433 (1935 
*'T. R. Govindachari, B. R. Pai and K. Nagarajan. 7. Chem. Soc., 1954, 2801 
[. R. Govindachari, M. V. Lakshmikantham, K. Nagarajan and B. R. Pai. Tetrahedron, 
, 311 (1958 
Govindachari, M. V. Lakshmikantham, B. R. Pai and S. Rajappa. Tetrahedron, 
1960 
Govindachari, M. V. Lakshmikantham and S. Rajadurai. Chem. & Ind. (London), 
, 
Govindachari, B. R. Pai, S. Rajappa and N. Viswanathan. Chem. & Ind. (London), 
950 
. R. Govindachari, B. R. Pai, I. S. Ragade, 8. Rajappa and N. Viswanathan. Chem. @ 
Ind. ( London), 1960, 966 
* E. Gellert and N. V. Riggs. Australian 7. Chem., 7, 113 (1954 
10 J. Fridrichsons and A. McL. Mathieson. Nature, 173, 732 (1954) 
"FF. L. Pyman. 7. Chem. Soc., 103, 817 (1913 
A. Voss and J. Gadamer. Arch. Pharm., 248, 43 (1910 
2 N. J. Leonard, R. C. Fox and M. Oki. J. Am. Chem. Soc., 76, 5708 (1954) 
‘SH. A. Hageman. Organic Reactions, Vol. VII, p. 198, Wiley, New York (1953 
‘*R. Robinson. The Structural Relations of Natural Products, p. 78, Oxford University 
Press (1955 
1° P. Marchini and B. Belleau. Can. 7. Chem., 36, 581 (1958 
‘© M. Tomita. Fortschr. Chem. org. Naturstoffe, TX, 175 (1952 
R. H. F. Manske and H. L. Holmes. The Alkaloids, Vol. 4, p. 199, Academic Press, 
New York, (1954 
‘7 L. Van Italie and A. J. Stenhauer. Pharm. Weekblad, 59, 1381 (1922 
N. Saraswathi Bai. Bull. Central Research Inst. Univ. Travancore, Trivandrum, Ser. A, 3, 109 
1954 
K. V. Jagannadha Rao and L. Ramachandra Row. 7. Sci. Ind. Research (India), 16B, 


156 (1957 


437 


HOH,C COOCH; 

C 

\H 

|_| 


r. R. GOVINDACHARI 


Bick and A. R. Todd. 7. Chem. So, 1950, 1606 


M.T ita trch. Pharm., 774, 73 (1936 
hand lar ]. Pharm. So. Jahan, 62, 94 (1942 
K. W. Gopinath, T. R. Govindachari and B. R. Pai. Chem. @ Ind 
19599. 
W. Copmartl R. Gowindachari and B. R. Pai Chem. @ Ind 
1959 
Har T. Cohen. Festwhrift Arther Stoll, p. 117, Birkhaitiser (1957 


wt. chem. Ges., 74, 79 (1941 


lagler Boteny, 14, 37 (1960 
PTA. A. Hen 7. Chem. 927. 1640 (1925 
» : S. Kaw a Pree. Chem. Se 1999. 
wia S.R Ole Ind. London), 1958, 1154, 1549 
A. " Ss Vie " Chem. 1968. 265 
R. Berna Pr. Brook, R. Than, R. Korte and K. W. Robinson 
Ne. 6 
Ne. 10 ue 
G. F.S 7. ‘ 1957, 1877 
B. G. Schul» B 9. 141 a5 
LAH A. Ha G.A.S Pre O 1961.65 


as 
a 
; 
138 


PHYSICOCHEMICAL METHODS OF 
INVESTIGATING NATURAL PRODUCTS 


H. W. THompson 
Sf. John's ( ollege, Oxford University, UR. 


INTRODUCTION 


When one reflects on the achievements of organic chemists who studied 


4 


natural products more than twenty-five years ago. one cannot fail to be 


increasingly impressed. Then, structural determination involved a lengthy 


programme olf extraction and purification, chemical degradation and 


synthesis In the determination of purity, or proof of identity, a few simple 


properties were available, such as melting point, boiling point, mixed 


lting point, refractive index, o1 specif optical rotatory power. Since 


that time, the introduction of new physical methods has revolutionized the 


subject and opened up a new era, not only by speeding up the work, but 


also by making it possible to deal with smallet quantities of material and by 


providing detailed information of a kind not previously obtainable, such as, 


lor exan ple certain aspects ol stercochemistry. 


The variety and scope of these physical methods are now vast, and each 


has its own particular sphere of application. Although in some respects 


the information provided by one method simply confirms that obtained by 


another, it is usually desirable to have all available. since each has certain 


specif advantages, 


EXTRACTION AND SEPARATION 


The main applications of physical methods are: 1) for extraction, 
separation and purification; (2) for structural determination: and (3 for 
quantitative assay Ihe older, standard procedure of solvent extraction 


has been developed into the more powertul method of counter-current 


separation’, in which differences in the distribution of solutes between two 


or more solvents are applied, greater volumes can be used. and repeated 


partition can be achieved by automatic and continuous mechanical opera- 


tions. In this way, it has been possible to concentrate and extract such 


substances as hormones, vitamins, antibiotics and peptides?®, 


Some compounds, expecially those of high molecular weight, are well 


suited to separation by electrophoresis*. This method is based upon the 


differences in mobility of charged colloidal particles under an electric field 


gradient, and commercial instruments are now available for the separation 


and estimation of ver, complex compounds. 


Other methods of separation include molecular distillation. dialysis, 


sublimation and freeze-drying, diffusion, and ultracentrifugation. Most 


important of all, however, is chromatography of one kind or another‘, 


Simple absorption chromatography has now been extended by the use of a 


large variety of column materials, such as metallic oxides, silica or silicic 
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acid, or cellulose. The use of more than one liquid phase in partition 
chromatography*, and graded elution®, has been much developed. A 
recent advance in this connection is the use of capillary columns’, which 
make it possible to use much smaller quantities and to obtain sharper 


separation. The choice of column material and liquid phases is determined 


semi-empirically, although some general principles can be laid down with 
regard to the type of substances being separated. Paper chromatography 
has been improved in several ways, by using ascending flow, centrifugal 
methods*, or electrophoresis, and by the use of automatic inspection devices. 
In many respects, however, and especially for volatile substances and when 
small quantities are involved, gas-liquid (vapour phase chromatography 
has proved superior to other methods*®. Here again, the choice of column 
material and liquid phase is somewhat empirical and is decided by the 
particular case. Recent developments have been mainly concerned with 
the outflow detector equipment. In a few cases, automatic titration can 
be used. Hot wire or thermistor detectors rely on the difference in thermal 
conductivity of different vapours, and the gas density balance has been 
developed to a high degree of sensitivity”. The electrical conduc tivity of 
a flame of burning hydrogen through which an organi vapour is passing 
has also been applied in the thermal ionization detector to give remarkable 
sensitivity''. In another very sensitive method!?, argon, used as the carrier 
gas, isexcited toa metastable state by a radioactive source such as strontium-90 
or krypton-85, and then ionizes organic vapours by collision, the amount 
of ionization being recorded by the current under a constant applied voltage. 
When the separation of radioactive molecules is involved, such as arises with 
compounds containing carbon-14, the effluent vapours can be made to 
excite a phosphor or scintillation counter, and the radiation thus emitted 
can then be detected continuously with a photoelectric multiplier™*, All 
these devices detect and estimate the amount of the emerging vapours. 
An obvious advance for some purposes would be the simultaneous qualitative 
identification of the compounds. Recently, it has been suggested that 
differences in electron affinity of molecules might be used for this purpose!, 
or at any rate to separate them into structural types. 


X-RAY ANALYSIS 


Of all the methods of structural determination, undoubtedly the most far- 
reaching in scope is X-ray diffraction by crystalline solids. In principle, it 
is capable of revealing the whole molecular structure. both the spatial 
atomic arrangement and the interatomic distances. X-rays are scattered 
by the electron clouds of atoms, and the intensity distribution in the diffrac- 
tion pattern should, therefore, lead to an electron density contour map. 
Measurements in different dimensions will then serve to build up the entire 
structure, although, as a rule, the hydrogen atoms cannot be seen and must 
be inferred. A remarkable analysis by Friedrichson and Mathieson™ 
established the formula of the alkaloid cryptopleurine without prior chemical 
information about the substance. 

Very considerable computations have usually been ne« essary to obtain a 
fit between the observed pattern and an assumed molecular model. Yet 
this computation is not the only difficulty. Calculation of the intensity 
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pattern involves both the atomic structural amplitude factors and the 
corresponding phase angles. The latter cannot be determined directly, 
and this gives rise to what has been called the phase problem. If the main 
features of the structure are already known from chemical work, and the 
crystals are centrosymmetric, the problem can sometimes be solved without 
too much difficulty, but this is not usually the case. The difficulties may 
be avoided if one or more heavy atoms are present in, or can conveniently 


be introduced into, the molecule: according to the particularly heavy atom 
and type of crystal structure, the molecular structure can be solved more or 
less exactly. Rough rules have been suggested for the most desirable 
relative mass of the heavy atom. Another possible way of getting round the 
phase problem is by use of two or more isomorphous compounds. 

Of course, in spite of these difficulties, the structure of many important 
molecules has been settled in recent years'®. These include steroids, 
terpenes, antibiotics, alkaloids such as strychnine'’, colchicine!* and 
calycanthine™, natural pigments, proteins and nucleosides, and some 
progress has been made with viruses. Some of these determinations 
have been important in a wider sense. For example, in 1932 Bernal” first 
suggested that the structure assumed earlier for the main steroid skeleton in 
ergosterol was inconsistent with the X-ray pattern, and his results led to 
the formula which is now accepted. Subsequently, complete X-ray deter- 
minations have been carried out on cholesterol®!, calciferol?? and lumis- 
terol®*, in each case by use of a derivative containing a heavy atom. X-ray 
powder patterns are now available for a very large number of steroids as a 
guide to identity**, supplementing other common properties if required. 
An exhaustive and refined X-ray analysis of penicillin®*, using several heavy 
atom salts, gave the conclusive evidence for the 8-lactam structure; and the 
recent detailed solution®* of the complex vitamin B,, (containing nearly 
200 atoms) and other molecules studied by Hodgkin and her co-workers 
has shown the enormous power of the method. Very recently, remarkable 
results have been reported for myoglobin®’, 

It seems likely that significant improvements in the technique will be 
made during the coming years, not only in diagnostic precision but also in 
the speed of computation. If the intensities are to be measured more 
accurately, Geiger or scintillation counters should replace photographic 
methods, although considerable labour will still be necessary. However, 
with more accurate intensity data and refinement of the Fourier analysis, 
hydrogen atoms may be more definitely located, and the new automatic 
computing instruments should speed up the whole operation. 

It is certain, however, that, for reasons of convenience, other physical 
methods will be used for structural work for some time to come. 


ULTRA-VIOLET ABSORPTION 


Of the methods based upon optical transitions between molecular energy 
levels, visible or ultra-violet absorption in the region 7000-2000A is perhaps 
the oldest. Absorption of electronic excitation energy is primarily involved, 
and, although the wavelength and intensity of the absorption band is fairly 
characteristic of the group of atoms forming the chromophore**, it often 
happens that different structures absorb at about the same wavelength. 
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At present, the method is empirical, for it is impossible, in general, to calculate 
the values of molecular electronic energy states and the transition proba- 
bilities. [he absorption is primarily a function of the electron space 
cloud, and the spectra are, therefore, far less characteristic of a nuclear 
skeleton than, for example, the infra-red absorption spectra. On the other 
hand, the distinctive properties of the ultra-violet absorption band systems 
sometimes provide a more direct indication of a class of compound than the 
vibrational spectra. An example of this is the differentiation of aliphatic 
and aromatic structures, or of saturated and unsaturated systems. 

Saturated compounds, as a rule, do not absorb at wavelengths above 
2000A. Single « hromophores such as C=C, C=O, 5=Q, NO, absorb in 
the ultra-violet, and the extinction coefficients vary over a wide range. 
They are sometimes so high that only very small (jg) quantities of material 
are needed to measure the absorption spectrum. Structural investigations 
rely not only on the fact that the rough position and intensity of the absorp- 
tion bands may indicate the main chromophore, but also on the fact that 
the specific small variations in these properties may indicate the relationship 
f the key group to its particular environment. Factors which affect the 
position and intensity include the nature and position of neighbouring 
substituents, cumulation or conjugation, the size and type of the ring in 
which the chromophore occurs, steric factors and even other structural 
features such as stereochemical conformation. Solvents, too, have distinct 
effects. and more work on these would be valuable, not only to provide 
more reference data, but also as a possible additional means of diagnosis. 
Sometimes a particular chromophore absorbs weakly, but conversion into a 
convenient derivative leads to greatly intensified absorption. This occurs, 
for example, when a ketone is converted into its semicarbazone. 

Ihe introduction of photoelectric recording has greatly simplified the 
measurement of ultra-violet absorption spectra, and routine instruments 
using prisms or gratings, with single or double beam are now available. 
It is doubtful whether an extension of the conventional range into the 
vacuum ultra-violet below 2000A will be profitable for general purposes, 
since, apart from other experimental difficulties, some of the usual solvents 
will cease to be usable. Also, since it is known that ultra-violet absorption 
spectra are sharpened up if measurements are made on substances in the 
form of solids at very low temperatures, it might be thought desirable to 
apply this method in structural work. Here again, however, it is unlikely 
that much will be gained in most cases, for the use of low temperatures 
tends to bring out detailed vibrational structure of an electronic band 
system, and for our present purpose this may be less important than the 
location of the main electron absorption level. 

Much work has concerned double or triple bond systems, especially 
when they are conjugated, since conjugation shifts the absorption to longer 


wavelengths. In polyenes, such as 
C,H, * (CH=CH), C,H; or CH, * (CH=CH), * COOH, 


the position and intensity of absorption is determined by the length of the 
conjugated chain. This has been useful in the investigation of carotenoids, 
and in a similar way with polyacetylenes”. Thus, the very characteristic 
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absorption of the triacetylene system in conjugation with a diene was used 
to establish the structures of isomycomycin (1)*° and of mycomycin, and 
these are in accord with the equally characteristic infra-red absorption bands 
of these compounds. In f-ionone (III), the greater extent of conjugation 
compared with that in a-ionone (II) leads to absorption at longer wave- 
lengths*!, Similarly, it was possible to decide*? in favour of the structure 
IV) rather than (V) for patulin. The a,8-unsaturated ketonic side-chain 


CH,—C =C—C =C—C =C—CH=CH— CH=CH—CH,—COOH 
(I) 


_CH, 
_UCH=CH—COCH, _CH=CH—COCH; 


4 


“~_CH 


co 


(IV) (V) 


in helvolic acid can be identified**, but some infra-red and nuclear magnetic 
resonance studies** have shown that the ultra-violet absorption spectrum 
does not provide the whole story. 

In steroids containing two C=C double bonds, the location of the 
absorption band depends on whether these bonds are in the same or in 
different rings®. For example, ergosterol (VI) and cholesta-3,5-diene (VII) 
have absorption maxima at 2820A and 2340A respectively. Similarly, 
x, f-unsaturated ketones among the steroids can be distinguished. 


C 
‘var 
J 


(VI) (VII) 


With polynuclear aromatic ring systems, or with tropolones and azulenes, 
characteristic absorption occurs: as a general principle, the shift is to longer 
wavelengths as the complexity of the fused ring system increases. Similar 
results are found with heterocyclic compounds. The spectrum has been 
used to examine the position of attachment of a sugar residue to a purine 
skeleton in some nucleosides*’, and spectral comparison with \-acyl indoles 
was important in fixing the structure of strychnine**. The pyrrole pigments 
have also been much studied, with special reference to chlorophyll and 
haemin*®*, The detection” of the 5,6-dimethyl-benziminazole skeleton by 
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its ultra-violet absorption was important in the early work on vitamin Bio; 
and the presence of the |,4-naphthoquinone structure was detected! in 
the vitamins K by this means. In establishing the structure of terramycin, 
spectral differences between 5-hydroxy- and 7-hydroxy-indanones were 
used to fix the position of the hydroxyl group*®. 

Some correlations between ultra-violet spectral features and stereo- 
chemical factors have been found. For example, in the polyenes, and in 
acyclic or monocyclic dienes, cis or trans structures have different spectral 
characteristics", although the details are rather complex. In simple 
a-substituted cyclohexanones, the absorption maximum of the carbony] 
group is shifted slightly to shorter or longer wavelength, depending on 
whether the substituent is equatorial or axial*’, It is possible that other 
methods described below provide more satisfactory criteria in these cases. 

Quantitative determination of many natural products by ultra-violet 
absorption is now a standard procedure®, It has been invaluable with 
some of the vitamins, sterols and chlorophylls, and recently for the deter- 
mination of sugars and amino-acids after interaction or co-ordination with 
reagents so as to bring the absorption band into a convenient spectral region. 


INFRA-RED ABSORPTION 


The infra-red absorption spectrum of a complex molecule can be used: 

1) to discover the presence of particular groups, in the earlie1 stages of 
enquiry; (2) to discriminate between the alternative overall structures 
which have been suggested by detailed chemical work, even between different 
stereochemical forms; (3) to establish the identity of two specimens; and 
+) for quantitative determination. Of these uses, the first two depend 
upon the principle that some of the nuclear skeletal vibrations can be 
localized within a bond or smal! group of atoms, the oscillation taking place 
almost independently of the remainder of the nuclear skeleton. This can 
only be an approximation, but it is sufficiently satisfied in the case of X—H 
vibrations, or those of multiple bonds such as C=O, C==N, P=O., or in 
certain other deformations of X—H bonds. There must be no “ mass ” 
effects o1 coupling between vibrations of different parts of the skeleton, nor 
complications from Fermi resonance. Characteristic absorption bands 
may then be found, usually in the region 200-3500 cm=! (2-8-50 ju 

Proof of identity is based on the fact that anv complex molecule gives 
rise to a vibrational array and spectral pattern which is characteristic for 
the whole nuclear skeleton. This pattern involves both the positions and the 
relative intensities of absorption bands, and forms a “ fingerprint” of 
the molecule. Whilea pair of optical enantiomorphs show identical spectra, 
all other structures should give different spectra; this often applies to 
stereoisomers which are closely similar, even with the same configuration 
but different conformations, In solution, if interactions between dextro- 
rotatary and laevo-rotatary forms do not occur, a racemate should have the 
same spectrum as either enantiomorph, and this may avoid the need for 
optical resolution when only proof of identity is required. 

Frequency correlation charts are, of course, well-known*’. They should, 
however, be used cautiously. for unexpected shifts of band frequency or 
changes of band intensity often arise. To a spectroscopist, the dogmatic 
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assurance shown by some organic chemists in the interpretation of the 
spectra is sometimes surprising. Care is also needed in making com- 
parisons of spectra measured in different states of aggregation, or in different 
solvents, where one or another form of interaction may occur. Indeed, 
solvent effects may even prove useful in some specific cases for confirmatory 
diagnosis. Unfortunately, all this work must at present remain empirical, 
for we cannot yet calculate and predict exactly either the molecular vibration 
frequencies or the band intensities. This difficulty arises from insufficient 
knowledge of the internal molecular free field rather than from the com- 
plexity of the mathematical problem itself. 

In recent years there have been a number of advances on the experimental 
side. Commercial recording spectrometers have been developed with 
better resolving power and speed, using prisms or gratings, not only for the 
conventional region 2-5-15 but also for longer wavelengths to 40 and 
for the region |—3 yu in which overtone bands are sometimes useful**, Where 
appropriate, the new fast detectors such as photoconductive cells have been 
introduced, and for much routine organic chemistry cheaper instruments of 
high quality have proved invaluable. The pressed disc technique (in 
which solid samples are embedded in an alkali halide matrix) has been 
developed, but great care must be exercised in using it owing to the effects 
of absorbed water vapour, of grinding and other factors which are not yet 
fully understood. It has proved useful, combined with the freeze-drying 
technique, in the study of lipids**. Cavity-type absorption cells (in which 
the sample is introduced into a hole drilled within a rock-salt crystal) have 
made it possible to use very small quantities of material, and such cells are 
being adapted to take off successive fractions from a chromatographic 
column. ‘The reflecting microscope™ has also been more widely used, with 
samples of 10 ng. Some of the difficulties of measuring infra-red spectra in 
aqueous solutions have also been overcome, and interesting results have 
been obtained with nucleoproteins, nucleic acids, polypeptides, amino-acids 
and carbohydrates, studied in both water and deuterium oxide®!. The 
intense absorption bands of water lie at 3500, 1650 and 800 cm~! but by 
the use of very thin layers between plates of such materials as calcium 
fluoride and silver chloride, and double beam compensation methods, the 
spectral features of the solute can be pieced together. In some cases, 
variations with pH or temperature have been found. One difficulty of 
using deuterium oxide as a solvent is the possibility of exchange with 
hydrogen in the solute. In other cases, such deuterium exchange has been 
used deliberately to help in sorting out complex spectral features and 
vibrational band assignments. Differential spectroscopy, by which parts 
of a complex spectrum can be cancelled out, leaving the features of less 
dominant components clearer for examination, has been applied successfully 
in the study of some natural oils. 

In structural studies of natural products by means of infra-red absorption 
spectra the groups most commonly sought are OH, NH, CH,, CH,, CH, 
C=O and C=C, present in saturated or unsaturated systems, in open con- 
jugated chains, or in rings of varying size and type. While a strong band 
at 3300-700 cm~! usually provides confirmatory evidence for an OH or 
NH group, ambiguity can arise as a result either of hydrogen bonding or of 
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in the residue to which the OH or NH group is attached. 
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examination of some model fused f-lactams led Shell laboratories, Emery- 
ville, to be the first to support the lactam-—amide formula (X) which was 


subsequently confirmed by X-ray analysis**. 


Among many other recent uses of C=O bands are the differentiation of 
y- and 4-aldonolactones™, determination of the structure of ketoflavones™, 
studies on ketolactone oxidation products of camphor®’, and the analysis of 
tissue and serum lipids**. Sphingolipids show bands of an amide group at 
1655 and 1550 cm™! which are absent with all other lipids. Cephalin and 
lecithin have an ester group band at 1740 cm~', and can themselves be 
distinguished by other bands in the region of 1000 cm~'. All these bands 


can be used for quantitative analysis. 


Phe spectral characteristics of C=C and C=C bonds, alone, conjugated 


or cumulated, are also useful. For example, they provide convincing support 
for the structure of mycomycin (XII)® (Table 1). The characterist 
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vibration of the C=eN near 2250 cm~'! was used™ to detect this group in 
vitamin B,,. 
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Another important set of bands is provided by the substituted olefins*!, 
These occur in the region of 10 # and are associated with bending motions 
of olefinic C—H bonds (Table 2). Either alone, or taken together with the 


Table 2. Frequencies of characteristic bands in the infra-red absorption spectrum of olefins, 
associated with C—H deformation and C=C stret hing 


Olefins (cm~' rc.c 
R—CH~CH, 905-915; 985-995 1635-1650 
H 

( ( tran 960-970 1665-1675 
H R 
R 

( ( ews ~H 90 1650-1660 
H H 


CH, 885-895 1645-1655 


790-840 1665-1675 


C=C stretching vibration bands, these bands have been widely used in 


studying complex molecules, for they appear to apply reliably whether the 
unsaturated group is in a side-chain or in a ring. 


In this way, the iso- 
propenyl (XIII) or isopropylidene (XIV) end groups of simple terpenes 


XIII XI\ 


Band frequencies: 890 and 1645 cm-! Band frequencies: 810 and 1670 cm 


were investigated®?, 


The cis or trans structure of the —CH CH— group 
has been examined in many cases. Thus the double bond in the side-chain 
of A**-ergostene (XV)** is shown to be trans by the band at 970 cm-!. 
The corresponding bonds in calciferol (XVI , in tachysterol, and in the 
precursor of calciferol have also been examined in the same way**, The 
absence of the band at 965 cm-! indicates a cis struc ture for jasmone (XVIT) 
and cinerolone™, and a band at 899 cm 


‘ has been assigned to a terminal 
methylene group in nyctanthic acid® (XVIII) a seed extract related to the 
tetracyclic terpenes. The same characteristics have been used in attempts 
to determine the cis—trans relationships in a,w-dipheny! polyenes (XIX) and 
in £-carotene (XX)*7, With simple cis or trans 
differentiation is straightforward. 


fatty acids and lipids this 
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CH, 
CHy 


CH; CH; cn -CH 
CH; 
CH—CH=CH—CH—CH 


NA» 


(XVII) 


CHy CH; 
CH CH; ‘de a 

3 CH; 


(XX) 
Many of these simple correlations have been used, together with ultra- 
violet and nuclear resonance data, in establishing the structures of the 
interesting new plant growth promoting factor, giberellic acid, and the 


associated giberellins®*, and, together with other characteristic vibration 
frequencies of linkages involving nitrogen atoms, in fixing the structure of 
highly complex alkaloids such as lycoctanine and its derivatives™. 

Some intense infra-red bands in the region 11-15 yw occur with sub- 
stituted aromatic rings”. These are associated with out-of-plane bending 
motions of the residual C—H bonds, and sometimes provide immediate 
evidence about the positions of the substituents. Moreover, the rules often 
appear to apply for fused aromatic ring systems’', The approximate 
frequencies of these bands are given in Table 3. However, these bands are 
somewhat unsatisfactory criteria for the presence of substituted aromatic 
rings, not only because of the rather wide frequency variation in some cases, 
but also since their intensity varies in an unpredictable way as the nature 
of the substituents is changed. A more reliable indication is the general 
pattern of bands between 1600-2000 cm~? arising from combinations of the 
out-of-plane skeletal vibrations’* (see Figure 2). 
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Table 3. Characteristic bands in the infra-red absorption spectrum of aromatic rings, 
associated with ( H deformations 


Grouping Frequency (cm~' Grouping Frequency (cm~" 


Benzene 7 ,2,4-Trisubstituted 815 10: 
substituted 75 ,3,9- Trisubstituted 835 
1 ,2-Disubstituted 75 .2,3,4-Tetrasubstituted 805 
1,3-Disubstituted 7 .2,3,5-Tetrasubstituted 845 
1 ,4-Disubstituted 820 


.2,3-Trisubstituted 770 


3 - Disubstituted Disubstituted 


1900 


Figure 2. Substituted benzenes. pattern 5-6 


The class of natural products in which infra-red absorption has been 
most studied is the steroids™*. Different side-chains attached at the C-17 


position in this perhydrocyclopentenophenanthrene system give rise to 
the pregnanes, bile acids, cholestanes and ergostanes. With all these 
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compounds, information can be obtained about the structure and conforma- 
tion of the nuclear skeleton, and about the side-chains. In saturated 
systems, C=O groups in rings A,B,C or at C-20 in the side-chain have 
about the same vibration frequency, but in the five-membered D ring the 
value is noticeably higher. Conjugated unsaturation in all cases lowers the 
carbonyl group frequency significantly. In side-chain ester groups, this 
frequency is higher than that in the ketones, and may coincide with that in 
the D ring, but the latter also has a band in the region 1100-1200 cm}. 
Some bands of the ring CH, groups are affected in definite ways by adjacent 
carbonyl groups. Many other correlations, including some for the steroid 
lactones, have been worked out”*, and more complex polycyclic terpenes are 
now being examined in the same way. 

The relation between the infra-red absorption spectrum and stereo- 
First, closely related diastereo- 


chemical factors is particularly interesting. 
Thus chol- 


isomers have different spectra, although these are complex. 
estane and coprostane, differing only in the trans or cis arrangement at the 
fusion of rings A and B, have different spectra”. Also, spectral differences 
have been established empirically between compounds containing a sub- 
stituent group in the axial or equatorial position. 

Thus the acetate band at 1240 cm 1 in 3-acetoxy- steroids is single if the 
group is equatorial, but split into several peaks if it is axial, Axial OH 
groups in the 3-position usually give a band near 1000 cm~! (probably 
determined by the C—O band vibration), but this lies higher at 1040 cm-! 
if the group is equatorial. This variation of frequency can be interpreted in 
terms of the likely effect of motions involving a greater or less amount of 
bond stretching or bending. The rules are not without exceptions, but 
have been applied to establish the axial orientation of the OH group in 
luminestan-38-ol”. 

Similar correlations between conformation and spectrum have been found 
with the decalols7’, and in deuterium-substituted steroids the C—D bond 
frequency varies for axial and equatorial positions **. Also, when a halogen 
atom is introduced in an equatorial position on the carbon atom next 
to a carbonyl group, the carbonyl group band shifts to higher frequency, 
whereas no such effect occurs when the group is axial”. This result is 
paralleled by data on the ultra-violet absorption spectra referred to above. 
Similar conformation effects have been examined for the OH groups in 
carbohydrates™. 

Reference has been made already to infra-red work on lipids, and there 
are many applications in biochemistry*?. Amino-acids, polypeptides and 
proteins have heen much studied, and important spectral differences have 
been found between the open and closed chain forms of polypeptides®?. 
Measurements with polarized radiation on crystalline materials or oriented 
fibres can provide ‘nformation about the relative orientation of N—H and 
C—O bonds and about the type of hydrogen bonding involved. There is 
a serious difficulty of principle here, since the directions of dipole vector 
change during a vibration may not coincide exactly with a preconceived 
bond direction, but even semi-quantitative measurements from the band 
intensities with polarized radiation are valuable. Deoxyribonucleic acid 
can be distinguished from ribonucleic acid by its band at 1020 cm-!, and 
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its spectrum is consistent with the structure derived from X-ray work*?. 
Preliminary studies of bacteria and viruses show differences in composition 
which are worth further examination", 

Many ambiguities arise in the application of the vibration frequency 
correlation rules. Attempts have been made to remove some of them by 
using the intrinsic intensities of the absorption bands*®. In some cases this 
may be possible. For example, the intensity of the stretching vibration 
band of the N—H group in different classes of compounds varies con- 
siderably™. In aliphatic secondary amines it is low, but in heterocyclic 
bases, such as carbazole, it is high. In fact, the very low intensity of this 
group in certain alkaloids has caused anxiety. If the first overtone bands 
are also studied, an even better differentiation of the NH types is obtained. 
Similarly, there appears to be a significant difference in the O—H band 
intensity in phenols on the one hand and in alcohols on the other*’, and 
regularities occur in the intensities of different kinds of C—H _ bands**. 
With steroids, intensities can also be used to discriminate between carbonyl 
groups in different ring positions and in the side-chain®*, An interesting 
example has been found with cisoid and transoid «,8-unsaturated ketones”, 
With cisoid types, the intensities of C=C and C=O bands are about equal, 
but with transoid types the C=O band is relatively much stronger. Although 
the attached groups give rise to minor variations, the rule seems to be reliable 


enough to apply in complex compounds. For instance, cholestan-5-en-4- 


one (cisoid) can be distinguished from cholestan-4-en-3-one (transoid) in 
this way. 

However, accumulating evidence suggests that, in general, the band 
intensities (which are, of course, determined by different factors from those 
which control the vibration frequencies) are very susceptible to electronic 
effects of neighbouring atoms and groups, so much indeed as to limit their 
present value. A more detailed examination of these electronic influences 
is being carried out in the hope that the variations can be predicted or at 
any rate reconciled with structural details*?. 


NUCLEAR MAGNETIC RESONANCE 


Nuclear magnetic resonance spectroscopy is, perhaps, the most important 
new method for investigating details of molecular structure. It makes use 
of the magnetic effect set up by a spinning charged nucleus to get information 
about the chemical environment in which the particular nucleus occurs. 
Nuclei of even atomic mass and even atomic number, such as '*C, '*O and 
%2S, do not spin, and this is indeed fortunate as far as applications to organic 
chemistry are concerned, since otherwise the nuclear resonance spectrum 
arising from a carbon chain might be too complex for general use. Nuclei 
such as 'H, °F, #3C, }°N and *!P have a spin moment J = 1/2, and we are 
primarily concerned with these. With other spinning nuclei, such as *H, 
MN, 170 and “Cl, complications arise, partly as a result of the effects of 
their quadrupole moments. 

A nucleus of spin angular momentum / gives rise to an equivalent magnetic 
moment y« which can be oriented in (2/ + 1) directions if placed in a homo- 
geneous magnetic field H. The energy difference between two such 
adjacent levels is given by the relation 
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In a proton ('H) with a spin J = 1/2, only two orientations are possible, 
and the small difference in energy level associated with each of them leads 
to a slight difference in population of the levels in accordance with the 
Boltzmann factor. Ina given field strength H, therefore, there is a particular 
resonant frequency corresponding to the quantum of energy which is required 
to tip the nucleus from one orientation to the other. Alternatively, for a 
given supplied frequency, there will be a specific field strength corresponding 
to the resonant condition. It is usual, for experimental convenience, to 
maintain a constant frequency and vary the applied field strength. 

Several factors can lead to broadening of the absorption line, especially 
with solids, but in liquids and gases these are minimized as a result of 
molecular motions, and sharp resonance lines arise. 

The use of this phenomenon in molecular structural determination is 
based upon two additional effects. First, the electronic space clouds 
surrounding a spinning nucleus exert a screening effect which makes the 
effective magnetic field strength different from that applied. 


A slightly different field strength from that relating to a “ free” nucleus 
must, therefore, be applied to obtain resonance at a fixed absorbed fre- 
quency. The extent of the so-called chemical shift varies with the par- 
ticular skeletal environment, and can be correlated with the ionic character 
of particular bonds, with the inductive and mesomeric effect of substituents, 
and with the magnetic anisotropy of the molecule concerned. 

In practice, it is not possible to measure absolute values of field strength 
with the same accuracy as it is to determine differences of field strength. 
Chemical shifts are, therefore, measured with reference to standard reference 
lines, such as are provided by water, cyclohexane, benzene or tetramethy]l- 
silane. Also, since the chemical shift is proportional to the field strength, 
it is desirable to represent it as the dimensionless unit 


ret. 


ret. 


= Ogubst. — 


It can also be expressed as 


A 


oscillator frequency 


10° 


in which A is the frequency shift between sample and reference corresponding 
to the change in field strength, 5 then being expressed in parts per million. 
In different nuclei, 6 may vary between a few parts per million (as with 
protons) and a few per cent (as with cobalt), Recently, another quantity 
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. 10 5) has been suggested for use with the proton taking tetra- 


methvisilane as the reference substance, so that a set of simple numbers are 


obtained for the shifts of all except the most acidi protons. 


\ aill tv aries here, however, wl i h has led to some confusion in the 
correlation of many results so far obtained. If the reference substance is 
ed interna mixed with the sample, there must be no interactions. If 

{ ed externally, in a separate probe, corrections must be applied to 
ere n the isceptibilities of the two samples. Unfor- 

' te th external and internal standards have been used in the past, 
as ferent retere substances, and it is not always possible to 

ect diffi t recorded Gata so as to use them together in making com- 

i il rative examples, which follow, 


cules arises from 


wt etween nowhbouring n clei. \s a result ol this, 


ton may < SD by the magnetic disturbance ol 


i pattern w ‘ is Characteristic, 


‘ ite the nature of the adjacent atomn 


magnet 


mole iit und 


ct ct nicractil 1 8 Increased. 


ol a 


‘ ' ‘ rptiot re 1 direct measure i the number of 


( cd If the relative te! ties of lines at different 


red a ich with protons 


str Lert cre the met has msiderable advantages ove! 


rements is partly determined by 


essential, however, to 


c a hich deere: ‘ al ty and homogeneity Permanent 


clectromagnets 


ensitive heavier 


, ‘ Greater field ho encit ver the required area can be obtained 
wit rrect i rm tte | c piece and it i usual to pin the sample 
t bta in even greater cilective field homogencit, The sweep rate used 
in sear for the gnai must be carefully controlled in relation to the 


5 adequate but much smaller quan- 


tite have metime cen uscd For proton resonance suitable solvents 
are tetraci rick tetra rocthviene., irbon di ilphide deutero- 
cl roacetic a ct xide, trichloroacetonitrile, 
ter cxane benezenec, dioxane and acctone., 
Mas t the ave been used to give an internal reference signal. although 
cycionhexane and tetramethylsilane are now regarded as the most suitable. 
\ ange olf vent sometimes causes shifts which are useful in splitting up 
verlapping cs The limited ibility of some compounds introduces a 


diliculty, since, in order to obtain a satisfactory signal strength, larger 
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samples or a higher field strength will be required, and both are undesirable 
in the interest of a uniform and stable field. 

As already explained, the proton resonance signals in C—H bonds of 
saturated, unsaturated or aromatic hydrocarbons give very characteristic 
chemical shifts. In hept-l-ene (XXII), or in cis-propenylbenzene (XXII), 


lor example, each type of proton gives a distinct signal®* (see Table 4). 


XXII 


iaracteristic chemical shifts of proton magnetic resonance signals in Hi bonds 


Hept-l-ene (XXI 


CH, sat 
CH, 


-Propenylbenzene I 
H 


CH arom 
CH, 


Similarly in ethylphenylacetate, distinct signals are obtained for the CH,, 


CH,, CH,CO and C,H, protons, split in some cases by spin interactions, 

In substituted benzene rings, the aromatic proton shifts differ according 
to the relative position and nature of substituents, and in polynuclear fused 
aromatic hydrocarbons or in azulenes the protons in different locations can 
be distinguished. The same applies to protons in heterocyclic rings such 
as furans, pyridines and thiophenes, and the chemical shifts are in some 
cases made more distinctive by spin interactions. The differences in 
pattern between glyoxalines and pyrazoles was used recently to confirm the 
presence olf a pyrazole ring in an amino-acid extracted from water-melon 


seed™, ‘The presence of a 2,3-disubstituted pyridine ring in a new alkaloid 


has also been established in this way”, and of a | ,4-dihydropyridine skeleton 


ina phosphopyridine nucleotide®’, 
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With protons attached to elements other than carbon, or with CH, ot 


CH, groups attached to different kinds of group, the chemical shifts vary 


over a wide range** Many of the earlier data require revision or correction, 
but it is certain that striking differences occur between groups which are 
olten dithcult to dist established by othe methods. For example, 


unless hydrogen bonding complicates the situation too much, it is possible 
to distinguish between the OH groups in alcohols and phenols, the SH 
groups in mercaptans or thiophenols, or the NH groups in different types 
of amune Infra-red methods are not always conclusive in these instances. 

Ihe relative intensities of the signals often pre vide additional evidence. 
For example, a cresol derivative” was shown to possess structure (XXIII 
art from the phenolic and ring protons, it gave three CH, resonances 
ive intensiti The alternative structure (XXIV) would 


have given five such resonances of intensities | -2:3:3:-3. 


LUVULM, CO CH; 


XXVI) 


Thujic acid methyl ester provides a similar example’, This compound 
gave three resonances of relative intensities 5:3:6 (due to —~CH. COC ICH, 
and C\CH;,), respectively), thus confirming structure (XXV) rather than 
XXVI), since the latter would have given four resonances of relative 
intensities 3:2:3:6 (due to = CH, CH, COOCH, and C(CH, 2 respectively 

The spin-spin patterns are often complex, and can be much affected by the 
relative values of the chemical shifts of the groups between which spin 
interactions are occurring. The principles, however, can be illustrated by 
some simple cases. For example, in the molecule HD, with the spins of 
proton and deuteron |/2 and | unit respectively, the proton can, so to 


speak, “* see "’ three orientations of the deuteron (+1. 0. —1) and the proton 
signal is a triplet. The deuteron “ sees” two orientations of the proton 
1/2, 1/2) and its signal is a doublet. In *'P %F,, the fluorine nucleus 
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‘ sees’ two orientations of the phosphorus nucleus (+ 1/2, — 1/2) giving 
a doublet, whereas the phosphorus nucleus “ sees” four combinations of 
the fluorine species (+ 3/2, 1/2. 1/2, 3/2), of which two have three 
times the statistical weight of the other pair, the P resonance therefore being 
a quartet, 1:3:3:1. 

CH; 


CH 


NVA 


Figure 3. Spin-spin multiplets of proton resonance 


In ethyl! alcohol or diethyl ether, the CH, and CH, groups of the ethyl 
radical split into three and four components, with relative intensities 
corresponding to the statistical weights of the levels (see Figure 3). n-Propyl 
and isopropyl groups attached to a residue X can be distinguished. In the 
simplest case, the iso-propyl group will give two lines for the CH, groups 
which “ see” two orientations of the adjacent proton, and the CH group 
will have seven lines due to the sets of orientations of the six protons in the 
methyl groups $42 +1.0, l, — 2, 3), as shown in Figure 3. 
In the n-propyl group of CH,-CH,:CH,°X, the methyl group will give a 
triplet, the a-methylene group a triplet, and the £-methylene group a set 
of twelve lines. Chemical shifts determined by X may complicate the 
general appearance, however, and complete resolution of the multiplets is 
not always obtained. In CH,:CHO, a quartet and doublet are found 
associated respectively with the CHO and CH, groups (see Figure 3). The 

CH,—CH ,— or —CH,—CH, groups in ring ethers of the type (XX VII) 
or (XXVIII) can be distinguished; the s>CH—CH, group gives a quartet 
CH, 1:3:3:1) and doublet (CHg, 1:1), but the —CH,CH,— group only 
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a single line which may be split to a greater or less extent as the general 
symmetry of the attached residue is disturbed. 
hese principles have been applied in structural determinations of many 
natural products. Evidence for the group >C—CH—CH—CH— has 


O 
been important in fixing the structure of giberellic acid™! (XXIX). The 
characteristic chemical shifts of protons in the groups CH,=C=< and 
CH found with Feist’s acid, and the absence of CH, resonances at high 
field, show'™ that this substance contains a saturated cyclopropane ring 
with an exocyclic methylene group, and possesses structure (XXX) rather 


H 
ZL. 
HC 
| o 
HO—CH / A OH 
oc 
CH; COOH) = CH, 
(XX1X 
H COOH COOH 
Cc Cc 
HC 
H~ COOH 
(XXX) (XXX1) 
than (XXXII). This is confirmed by the intensity distribution, formula 


XXX) giving three lines of equal intensity, and (XXXI) three lines of 
relative intensity 2:1 :3, 

\mong alkaloids which have been studied. myosmine has a set of four 
nuclear resonance lines of equal intensity due to the four different pyridine 
protons, with three other lines at higher field, each of which has twice 
the intensity of the pyridine protons’, This fixes the structure as 
XXXII) rather than (XXXIII). The side-chain group CH(CH;), 
and the position of the methoxy-group have been determined in 
lunacrine (XXXIV)'*, and the N—CH, group has been detected in 
105 


aspidospermine 


Much useful information has been obtained from the proton resonance 
spectra of essential oils and glycerides, by using the characteristics of groups 
such as CH (aromatic), OH, CH,CO, —CH=., CH, and CH, groups in 
different environments’, Sterculic acid was rec ently shown to contain a 
cyclopropene ring in the middle of a long fatty-acid chain™?, 
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(XXX ID 


(XXXII) 


> | 


| L-CH(CHs)2 


CH; 
(XXXIV) 


The nature of the end-groups in carotenoid-type molecules such as a 


spirilloxanthin and the paprika pigments have been determined’, The 
tentative structure originally proposed for spirilloxanthin was (XXXV), 
where R = R’= (a). However, the spectrum is only explained if the end 
groups are (b). In the paprika ketones’, characteristics of CH, groups on 


saturated quaternary carbon atoms have led to a similar revision of ideas 
) 


about the end groups. The stereochemistry of these conjugated chain 


systems has also been examined in relation to the nuclear resonance spectra 


by reference to simpler related molecules such as the dimethyl muconates. 

With methyl photosantonate (XXXVI)!", the resonance signals due to 
(CH;),C= and =CH—CH,—COOCH, proved invaluable in fixing the 
structure; and in y-santonin (XXXVII), a sesquiterpene lactone, one 


olefinic proton has been recognized among a large number of saturated 


group protons!?!, 

The chemical shifts of CH, groups in helvolic acid (XXXVIII) have led 
to the determination of the end-group in the side-chain, one such group 
being assigned to the C-24 position *4, 

With steroids in general, characteristic resonances occur for CH, groups 
on quaternary carbon atoms, and for acetoxy-, olefinic CH=, and other 
groups in different locations in the skeleton!!*, These appear to offer great 
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(XXXVI) (XXXVII) 


possibilities for structural determination. The chemical shifts are also 
affected by stereochemical conformation, so that axial and equatorial H 


atoms can be distinguished. Such conformational effects in the proton 


resonance spectra have also been found with acetylated pyranoses and 
3 


inositols!!*, and are confirmed by results on similar conformations in such 


compounds as trioxane!!*, the cis- and trans-decalins', the dimethylcyclo- 


hexanes!®, and 


CO—CH, 


(XXXVIII) 


The use of spinning nuclei other than protons is still in its early stages of 
development, but this offers great possibilities, especially perhaps with 


*8C, *F and *!P which have a spin / = 1/2, and no quadrupole moment. 


The signal strengths are intrinsically weaker, so that larger samples are 


needed, as well as better detecting equipment. Also, owing to the greater 


relaxation times, the sweep rate has to be controlled carefully. However, 


the chemical shifts are much greater than those for protons, and they are 


very sensitive to structural changes. In 'C, the chemical shifts referred to 


a benzene carbon nucleus as zero vary from about + 120 in hydrocarbons 


to 80 in ketones!!*, The location of these °C resonances is far removed 


from that of protons, and the spin coupling with bonded hydrogen atoms 
leads to characteristic multiplets. With CH,-COOH, using the natural 
abundance of !°C, the carbon nucleus of the COOH group appears as a 


single resonance, and that of the CH, group as a quartet at higher fields. 


In dimethyl acetylene di-carboxylate there are resonances characteristic of 
the —CO—O—, —C=C—, and —OCH, groups. In mesitylene, the 
chemical shifts of the 2, 4 and 6 carbon atoms are convincingly different 
from those of the non-equivalent 1, 3 and 5 carbon atoms. 


Resonances of **P nuclei in different environments show even larger 
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chemical shifts!, The experimental difficulties are at present considerable, 
but it may be possible to discover by this means features of phosphoryl] 
compounds. Indeed, all these results encourage the hope that, by a study 
of resonances of several nuclei such as 'H, 19C and ™N in the same molecule, 
it may be possible to determine a sufficiently large number of structural 
units in that molecule to fix its whole structure without recourse to much 
chemical work on degradation or synthesis. 

Other refinements in technique seem likely to remove some of the present 
difficulties. One is the double irradiation method'°, When spin inter- 
actions lead to a highly complex spectrum, it may be possible to decouple 
these spins by irradiation with a field close to the resonant frequency of 
one of the nuclei, thus simplifying the spectrum and its use for diagnosis. 
Another way of enhancing chemical shifts in certain cases is by adding 
paramagnetic salts which co-ordinate with hydroxyl or other groups!?!, 
A still more interesting development is electronic-nuclear double resonance, 
in which the substance is irradiated with intense microwave radiation at a 
frequency which excites the electron resonance of any paramagnetic material 
present. Strong interactions may come into play which lead to a large 
increase in the intensity of the nuclear resonance absorption, and the 
effect may be useful in studying some of the heavier nuclei, 

Electron paramagnetic resonance itself has been applied to the study of 
certain natural products!2*, These include. for example, the porphyrin 
types in which a paramagnetic ion is surrounded by an organic skeleton, as 
in haemoglobin, myoglobin, chlorophyll or the phthalocyanines. In this 
way, important information can be obtained about the symmetry of the 
central part of the structure and about the type of bonding to the central 
metallic atom, 


OPTICAL ROTATORY DISPERSION 


Optical rotation has long been used as a criterion for purity, proof of 
identity, for the determination of enantiomorphic type, and, to some extent, 
as an indication of the position of a functional group or of the relative 
configuration of different asymmetric centres in a molecule. Empirical 
rules have been proposed for computing the optical rotation of compounds 
within a class of compounds such as the steroids by addition of definite 
amounts for different structural units present in the molecular skeleton !23, 
In this way, using rough measures for C C, OH, CH,CO and C=O 
groups at different positions, useful corroborative evidence about the 
structure of certain steroids was obtained. 

Optical rotation is equivalent to circular birefringence, and occurs when 
a substance transmits the left- and right-hand components of a beam of 
circularly polarized light with unequal velocity. If these components are 
absorbed unequally, the optical rotation will vary with wavelength, and 
classical equations have been proposed to express this. Indeed, some 
workers have used the optical rotation at two wavelengths as a refinement 
for structural work and for a criterion of purity. The variation of specific 
rotation with wavelength becomes greater as the absorption band is 
approached, and, as it is traversed, a Cotton effect may be observed, the 
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optical rotation changing rapidly in magnitude and sign!24 (see Figure 4). 
This arises when the vibrating electric moment associated with the optical 


absorption band has non-parallel coplanar components in separate parts of 


the molecule. The anisotropy is high when the absorption coefficient is 
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(XL) (XLI 


The results confirm many deductions from 


al 


infra-red and ultra-violet 
sorption spectra, and from nuclear magnet 


resonance, but sometimes 
reveal details unobtainable by other methods. 


It is fortunate that, when a substituent is far removed from the carbonyl 
absorbing group, its nature has little effect upon the O.R.D. curve. Thus. 
in sapogenins, bile acids, and other classes with different groups at the 
C-17 position of the steroid skeleton, the rotatory dispersion characteristics 
of the main A’B rings remain the same. 


As already stated, the infra-red absorption spectra fail to determine the 


location of carbonv! groups in the A BC rings of steroids. The O.R.D. 


curves make this possible, and require only milligramme quantities of 


For example, the curves of cholestan-2-one (XLII) and -4-one 


material. 


CoH, 


H 
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(XLII) differ in sign’. A difference of amplitude is found with the 
acetates of ergostan-38-ol-ll-one (XLIV) and ergostan-38-ol-12-one!! 
(XLV). It seems also that, when more than one carbonyl group is present 
in a steroid, the O.R.D. curves may give information about them, whereas 
the infra-red absorption spectrum may be ambiguous. In the substituted 
decalones (XLVI), the O.R.D. curve is markedly dependent upon the 
location of the carbonyl group in relation to the substituents!*?. 


0 
68 | J if 
H H 


(XLVI) 


Optical rotatory dispersion appears to be more specifically valuable in 
sorting out the stereochemical conformational problems of cyclic systems. 
For example, the 5a- and 58- isomers, (XLVII) and (XLVIII), of andros- 
tan-178-ol-3-one differ only in the A/B ring junction, but have quite 
different O.R.D. curves!**, 


(XLVII) 


(XLVII) 


Very different O.R.D. curves also arise between cholestan-4-one and 
coprostan-4-one (58 cholestan-4-one)'**, and between cholestan-3f-ol-7- 
one acetate and 3a-hydroxy-7-ketocholanic acid, although, as already 
explained, changes in the C-17 substituent have no significant effect. 

The O.R.D. curves for the cis- and trans-10-methyl-2-decalones, (XLIX) 
and (L), are opposite in sign!**, and correspond closely to those of 3-keto-58- 
and 3-keto-5a-steroids respectively, again showing that the configuration 
around the absorbing carbonyl group is the dominant factor. 


H 


J 


(XLIX) (L) 


In the 5-hydroxy-10-methyl- A'®)-2-octalones, the orientation of the 
C-10 substituent similarly determines the sign of the O.R.D. curve, and 
there is a correspondence with the curves of A‘-3-keto-steroids?®, 
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As already explained, spectral differences in both the infra-red and ultra- 
violet regions occur with keto-steroids according to the axial or equatorial 
positions of substituents. Similar effects are found with the rotatory dis- 
persion curves. Axial and equatorial hydroxyl groups adjacent to the 
carbonyl group in steroids shift the mid-point of the Cotton curves to longer 
and shorter wavelengths respectively! Ac etoxy-groups have a similar 
effect, and, if axial, lead to enhanced amplitudes. The effect of x-halogen 
atoms is similar, and may even change the sign of the Cotton curve!%?, 
By consideration of these compounds, important rules have been formulated, 
and these bear upon the determination of absolute configurations and the 
semi-quantitative prediction of O.R.D. curves!®, 

Many principles suggested empirically by these illustrations have been 
used to establish the stereochemistry ol compounds such as lumisterol, 
luminsantonin and giberellic acid. Their extension to more complex 
systems such as the polycyclic terpenes is at present difficult, since the 
introduction of some substituents, gem-dialkvy| groups, or extra fused rings 
olten appears to affect the general conformation in unexpected ways. 
For example, the introdution of a pair of methyl groups at the C-4 position 
in cholestan-3-one has a remarkable effect. and the specific orientation of 
the isopropeny! group in a-cyperone (LI) leads to striking changes in the 
O.R.D. curve 1, 


TY) 


(LI) 


In a random conformation such as exists in a strongly hydrogen-bonding 
solvent, polypeptides give plain O.R.D. curves. Only the a-helical forms 
give rise to a complex dispersion curve. The possibility of studying de- 
naturation in this way has been examined, and this kind of work may be 
extended by using peptides containing an absorbing group such as a pheny! 
nucleus. 

All these empirical data on optical rotatory dispersion should stimulate 
the development of a better theory of optical rotation in terms of the detailed 
electronic structure along the lines visualized by Moffitt. 

Another related phenomenon, the Kerr effect!" (the development of 
birefringence under a voltage gradient). promises to give structural informa- 
tion about molecular conformations and the axial or equatorial arrange- 
ment of substituents in saturated ring systems, 


MASS SPECTROMETRY 


The mass spectrometer has also been used for structural analysis. When 
molecules are subjected to electron bombardment, cleavage may occur 
and positive ions of both the original molecule and of its fragments may be 
formed. These ions can be passed through a mass spectrometer and their 
masses determined. The method has, of course, been used in recent years 
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for the analysis of hydrocarbon mixtures, since, with appropriate calibration, 
the measured intensities of the different fragment masses can be used to 
compute the composition of the original mixture. With complex molecules, 
this is being used to determine the molecular weights and also to estimate 
the mass numbers for side-chains or other main fragments of the molecular 
skeleton. The strength of the applied voltage determines the degree of 
fragmentation. 


Steroids have been examined in this way. Cholestane'*!, for example, of 
molecular weight 372, gives a set of fragments of molecular weight between 
about 40 and 360, which correspond to the residues expected. By this 
means, steroids and triterpenoids can be distinguished, and valuable clues 
obtained about side-chains. Recently, it has been applied to the study of 
new antibiotics such as lagosin'*® and filipin'*, and flavonoids‘, and 
seems likely to become more widely applied in preliminary studies on 
unknown structures which have molecular weights up to about 400. 


OTHER PHYSICAL METHODS 


Isotopes have been used in several ways in the study of natural products. 
As already explained, deuterium may be used in the interpretation of an 


infra-red absorption spectrum. This exchange process has also been 


applied, in conjunction with infra-red measurements, in work on large 


molecules such as cellulose or polypeptides; by this means it is possible on 


the one hand to discriminate between crystalline and amorphous parts of a 
complex structure, and on the other to differentiate between helical or open 
chain forms of the peptide chains*?. 


MC is now being widely used to elucidate the mechanism of biogenesis of 


many products, and has been invaluable in research on photosynthesis!®. 


Irradiation of vitamin B,, and subsequent measurement of the radioactive 


decay gave a convincing confirmation of the presence of cobalt in this 


molecule. ‘Tritium also has been used as a tracer in many synthetic reactions. 
Reaction kinetic measurements themselves have provided evidence about 


certain structures and conformations. The electron microscope seems to 


be providing new information about the viruses. 


For quantitative determination, reference has already been made to 
standard ultra-violet absorption methods for the assay of vitamins, 


sorphyrins and other substances!**, Polarography is sometimes convenient 
5 / 


not only for estimating organic compounds but for identifying structures 


such as a conjugated system. Flame photometry or ultra-violet emission 


spectra with ashed products have been used for the determination of metals, 


but here the newer methods of X-ray fluorescence!*’ or atomic absorption 


spectroscopy'** offer great possibilities, and technical improvements are 


rapidly increasing their sensitivity. 


The whole range of physical methods is indeed wide. Which method 


should be used in a given case will be determined by such considerations as 


the quantity of material available, its physical state and solubility, whether 


it is necessary to recover the sample or not, the particular question being 


asked, and whether it is required to predict the whole structure, or only 
part of it, or to confirm a structure already proposed. 
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APPLICATION OF 
OPTICAL ROTATORY DISPERSION STUDIES 
TO PROBLEMS IN NATURAL PRODUCTS 
CHEMISTRY. LV* 


DyerAssi 


Department of Chemistry, Stanford University, 
Stanford, California, U.S.A. 


Modern natural products chemistry—in terms of isolation, structure 
elucidation, determination of relative and absolute configuration, and 
finally chemical or biological synthesis—covers more facets of organic 
chemistry than any other single area of this science. The remarkable 
progress which has been achieved in this field during the past twenty years 
can be ascribed, to a considerable extent, to the eagerness with which the 
natural products chemist has been willing to employ techniques which 
were either developed for his specific purpose or, more frequently, dis- 
covered in another connection but clearly helpful to his own needs. For 
instance, at the isolation stage, one can hardly conceive of a natural products 
laboratory that does not employ elution, partition, paper or gas-phase 
chromatography. At the next step, structure elucidation, the organic 
chemist dealing with natural products has always been very receptive to 
the use of physical methods which would offer him, rapidly, preliminary 
information to delineate the more profitable areas of chemical attack. 
These physical methods were invariably discovered by physicists or physical 
chemists, but their extensive application to organic chemistry was usually 
accomplished by a semi-empirical approach in which a great number of 
organic compounds were examined, and then the chemical structure and 
the particular physical property under discussion were correlated. Chrono- 
logically, ultra-violet spectroscopy was followed by infra-red absorption 
measurements, then nuclear magnetic resonance studies and, about the 
same time, by the more extensive use of mass spectrometry. 

In each case, the organic chemist, and especially the natural products 
investigator, accepted the particular physical method as soon as instrumenta- 
tion became sufficiently advanced, so that these measurements could be 
conducted easily in or near his own laboratory. Furthermore, it should be 
noted that all of the above-mentioned physical measurements have invariably 
added information which was not available from the others, so that they 
have always tended to complement one another. We have, therefore, 
reached the point where most new natural products, after isolation, purifica- 
tion and elementary analysis, are subjected to a gamut of physical measure- 
ments before serious degradative efforts are initiated. Even during the 

* For paper LIV, see C. Djerassi, Endeavour, 20, 138 (1961). 
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degradative phase, which to many natural products chemists is intellectually 
the most stimulating and satisfying one, physical measurements of the type 
mentioned above play a crucial réle. 

All of these introductory statements apply to one of the newest physical 
methods introduced into organic chemistry, and especially into the chemistry 
of natural products, namely optical rotatory dispersion. In principle, it 
was known since the early part of the last century, yet its actual application 
by the organic chemist did not really commence until the nineteen-fifties, 
when the first readily operable (at least by the standards of the organic 
chemist!) spectropolarimeter became available. Once the utility of 
optical rotatory dispersion was demonstrated to the organic chemist. its use 
spread rapidly, and, barely five years after our first publications!, this tool 
has become a routine adjunct to many aspects of natural products chemistry. 
Again, one of the principal reasons for its rapid acceptance was that optical 
rotatory dispersion offers information which is usually not available from 
other physical methods. Rotatory dispersion suffers from one limitation, 
which does not apply to ultra-violet and infra-red spectroscopy or nuclear 
magnetic resonance measurements, namely, the requirement that the 


} 


substance be optically active. This is indeed a limitation in the broad area 
of organic chemistry, but it is practically negligible among natural products, 
since the vast majority of them is optically active. It is not surprising, 
therefore, that the major impetus to the modern development of optical 
rotatory dispersion came from a natural products laboratory. 

\s mentioned earlier, the phenomenon of optical rotatory dispersion 
the variation of optical rotation with wavelength—has been known for a 
long time and studied extensively by theoretical and physical chemists. 
lhese classical studies have already been covered by Lowry? and subsequently 


by Levene and Rothen® and by Kuhn*: but thev have hardly made an 


ant* 


impact upon organic chemists, as witnessed by the fact that essentially no 
rotatory dispersion measurements have been recorded in the 
literature between the nineteen-thirties and 1955. The recent and almost 


explosive developments in the field coincided with the appearance of the 


commercially available Rudolph spectropolarimeter®, and they have been 
discussed in detail by the present author in a book® and also in a number of 
review articles’: *, Except for a very short introductory section. recapitu- 


lating some principles of nomenclature and presentation of data®, the 
remainder of this lecture will be concerned with direct applications to 
problems in the natural products field. During the past five years, optical 
rotatory dispersion has also played an important réle in work on poly- 
peptides and proteins™. ™, but this special area will not be included as 
my research group has not contributed to it. 

In principle, we can distinguish between two types of optical rotatory 
dispersion curves, examples of which are illustrated in Figure J]. <A plain 


curve 1s one which does not exhibit a “‘ maximum ” peak) or “ minimum ” 


relerring to dispersion measurements proce 


eding thi the 


ar cn mo} nacr cXaminatior rather than to a 
Car? | tats ‘a lengths Mie t! rang ot maximal 
Clearly, the latter will never 1 t in the experimental determination of the 


Cotton efiect, which forms the basis of most of the n Kern apy mis « tatory dispersion 
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(trough), and is typical of substances which do not possess an optically 
active chromophore in the measured spectral range. Typical compounds 
exhibiting such curves are alcohols, acids and hydrocarbons, and the term 
* plain” is employed irrespective of whether the curve crosses the zero 
rotation axis (see Figure ] for plain negative curve starting on the positive 
side in the visible), or whether it always possesses the same sign. In contrast 
to the nomenclature employed by the earlier physical chemists*, our term 
“ plain” is not related to a single-term Drude equation. In fact, as dis- 
cussed elsewhere® in detail, Drude equations are of no particular use for the 
purposes under discussion. While plain curves are distinctly more useful 
for configurational assignments!?, than monochromatic rotation measure- 
ments (usually conducted at the sodium D line), the really important 
applications of rotatory dispersion measurements lie in the area of anomalous 
curves. 


Peak 


Anomalous curve 


‘ 


| ‘ (positive Cotton effect) 


\ 


[@Jor 


Plain curve 


1 1 
350 450 550 650 
a mu 
589 


Figure 1. Plain and anomalous (showing positive Cotton effect) optical rotatory dispersion 
curves 


Anomalous curves possess extrema such as peaks and troughs, and a typical 
example is shown in Figure 1. This represents a single, positive Cotton effect 
curve, such as would be exhibited by an optically active substance containing 
a chromophore absorbing around 300 mp. It will be noted that the mean 
of the wavelengths at which the peak and trough occur corresponds approxi- 
mately to the position (Ay) of the ultra-violet absorption maximum of this 
particular substance, and the chromophore, therefore, is considered to be 
optically active”. The theoretical basis for such Cotton effect curves 
is considered in detail elsewhere®, but it is obvious that, in order to measure 
such a curve experimentally and to cover the most interesting spectral range 

below 350 my in Figure 1), it must be necessary to determine the rotation 
through the region of maximal absorption (ca. 300 mu). This is possible 
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only with weakly absorbing chromophores, and the carbonyl group has 
proved to be ideal for such purposes. It absorbs in a region of the spectrum 
280 — 330 mu) which is readily accessible with the presently available 
spectropolarimeters, and it possesses a suffic iently low extinction coefficient 
for rotation measurements to be conducted through its ultra-violet absorption 
maximum. The direct relationship between the ultra-violet absorption 
spectrum and the rotatory dispersion extrema explains why we prefer the 
terms ** peak * and “ trough ” rather than “ maximum ” and “ minimum ”’, 
which are employed in ultra-violet spectroscopy. A rotatory dispersion 
curve with several extrema (e.g. Figures 9 and 10) is called a multiple Cotton 
effect curve. The distance between the peak and trough is referred to as the 
umpliiude. As will be shown, the sign posite Cotton effect referring to a 
curve where the peak occurs at higher wavelength, negative Cotton effect to 
one where the trough appears first in going to lower wavelength), amplitude 
shape of the anomalous rotatory dispersion curve can offer much scope 
lor purposes of “ fingerprinting ” 

Most of the recent work*® on rotatory dispersion in organic chemistry has 
been conducted with carbonvl- ontaining substances, because of the 
favourable properties of this « hromophore and its extremely wide ocx urrence, 
notably among natural products. Other chromophores, however, are 


equally useful, and some of these will be discussed towards the end of the 


present article. The most important applications of optical rotatory 
dispersion measurements lie in the areas of relative and absolute configura- 
t il assignments (where othe: physi al measurements are of little o1 no 
value) and for the solution of conformational problems. In addition, 
rotatory d spersion can also be employed lor structural purposes such as 
the location of a « irbony! chromophore in a polycyclic system and examples 
ol these applications to natural product chemistry will now be presented, 

P uly the most important single reason why structural and stereo- 
chemica relations among ketones by means of rotator, dispersion 
deve ed so rap llv was r original chy ice' of steroid ketones as substrates. 
By taking the steroid molecule (1) and examining the various possible 
monoketones at positions |, 2, 3, 4,6, 7,11, 12.15. l6 and 17. ity as found®. 


characteristic rotatory dispersion curves were 


(I) 
obtained, and that these were not affected by the addition of other, ~ non- 
chromophori ibstituent ‘.2. esters, alcohol lactones, efc.). provided 
these ostituents did not affect the conformation of the parent molecule. 
We sl ull return later on to the importance ol conformational « h ings. For 
mst ‘ ni re « there are reproduced the rotatory dispersion curves of 
the I- I] - (IIL) and 7- (TV) ketones of the cholestane series, and their 
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purposes of differentiation. No other physical method presently available 
can accomplish this. 

As a second example, we can consider the three possible points of sub- 
stitution in ring D of the steroids. Infra-red spectroscopy will enable us to 
decide immediately whether the carbonyl! group forms part of a six-membered 
(rings A, B, C in (1) ) or five-membered (ring D in (I) ) ring, but it will not 
offer definite information about the precise location in that ring. As shown 
in Figure 3, the rotatory dispersion curves of steroidal 15- (V), 16- (VI) and 
17- (VII) ketones are again distinct, the very strong negative Cotton effect 
of 16-keto-steroids being particularly noteworthy. 

At this stage it is appropriate to emphasize a point which applies in 
general to rotatory dispersion as contrasted to monochromatic rotation 
measurement at the sodium D line (589 my). As can be seen in Figure 3, 
the specific rotations of the three ketones (V), (VI) and (VII) at 589 my 
vary by a relatively small factor as compared with the region of their 
extrema (ca. 320 my), where differences of several thousand degrees (in 
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Figure 2. Optical rotatory dispersion curves of 1-, 3- and 7-ketones of the cholestane series 
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tx) (Meow or MeOH + HCI) 


HCI (VIIIA) 


rotation 


> | 
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Figure #4. Optical rotatory dispersion curves of androstan-2-one and androstan-3-one, and 
of their methyl ketals 


therefore, offers a semi-quantitative means of determining the extent of 
ketal production. Extensive studies'* among 3-keto-steroids (e.g. (III) and 
VIII) ) and the corresponding decalones have shown that the acid-catalysed 
equilibrium lies on the side of the ketal (VIILA) to the extent of 64-75 per 
cent, and that it is extremely sensitive to steric factors. Thus, if the ketal 
involves a new |,3-diaxial interaction, not present in the parent ketone, as 
would be the case in a 2-keto-steroid (IX) and its ketal (IXA), then the 
equilibrium remains almost completely on the side of the ketone. The 
Cotton effect amplitude of a 2-keto-steroid (IX), therefore, is essentially 
unaflected in the presence of hydrochloric acid, and thus offers a sensitive 
criterion for differentiating between a 2-keto- and a 3-keto-steroid. 

Once standard curves have been secured for the various positions in the 
steroid series, then the location of an unknown carbonyl group in a steroid 
molecule becomes a relatively simple matter. Similar studies have also 
been conducted among the tetracyclic'’? and pentacyclic!*® triterpenes, and 
two illustrations of structural applications of rotatory dispersion measure- 
ments in this field will now be offered. 
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Figure 5. Optical rotatory dispersion curves of A?- and A*-] 
and isobauerenone 

In connection with an examination of the sensitivity of rotatory dispersion 
to subtle conformational factors. the rotatory dispersion curves of A7- (X) 
and A*- (XI) lanosten-3-one were measured'’, In spite of the fact that 
these two ketones differ only in the location of the double bond, their 
respective rotatory dispersion curves Figure 5) differ greatly. This has been 
ascribed!’ to conformational distortion. as has the earlier observed" differ- 
ence in their respective rates of condensation with benzaldehyde. Recent 
studies by Lahey and Leeding® at the University of Queensland have led 
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to the proposal of the biogenetically intriguing structure (XII) for the 
triterpene bauerenol. Through the courtesy of Professor Lahey, the 
rotatory dispersion curves of the derived ketone bauerenone (XIII) and its 
double-bond isomer isobauerenone (XIV) were measured in our laboratory. 
Their respective curves (Figure 5) bear the same relationship to each other 
as has been noted!’ in the reference pair A’-lanosten-3-one (X) and 
A®-lanosten-3-one (X1), thus supporting the earlier structural conclusions™, 

Among ketones of the pentacyclic triterpene series'*, the rotatory dis- 
persion curve of methyl sumaresinonate 3-acetate (XV) exhibited a unique 
shape, and its curve (Figure 6) can thus be considered as a reference standard 
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Figure 6. Optical rotatory dispersion curves of methyl sumaresinonate 3-acetate and zeorinone 


for 6-ketones among such triterpenoids. Oxygenation in this position of 
the triterpene skeleton is very rare, but recently Barton and collaborators*! 
have presented degradative evidence that zeorin (XVI) bears a hydroxyl 
group in this position. Since zeorin has so far not been related directly to 
any other triterpenoid, it was desirable to secure independent support for 
this structural detail. As shown in Figure 6, the rotatory dispersion curve of 
zeorinone (XVII), kindly supplied by Professor Barton, is so similar in 
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shape and amplitude to that of the known ketone (XV) of the sumaresinolic 
acid series that there is little doubt that the carbonyl group is indeed located 
at C-6. Furthermore, it can be stated with a very great degree of certainty 
that the hitherto undefined stereochemical arrangement of rings A and B 
in zeorin (XVI) must coincide with that of sumaresinolic acid and the other 
members of the 8-amyrin class of triterpenes. 


OH 
(XVI) 


The remarkable changes in the rotatory dispersion curves of isomeric 
ketones differing only in the location of the carbonyl group can be ascribed 
to the different asymmetric environment in which the carbonyl chromophore 
finds itself as it is moved around the polycyclic nucleus. Obviously, a 
change in the asymmetric environment is also produced if the carbonyl 
group remains in the same location, but its immediate stereochemical 
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Figure 7. Optical rotatory dispersion curves of 5a- and 58-androstan-17-ol-3-one 
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environment is altered. This is illustrated in a striking fashion in Figure 7, 
where it is shown that the rotatory dispersion curves of 5a-androstan-17-ol- 
3-one (XVIII) and its 58- isomer (XIX) actually show opposite sign Cotton 
effects even though the two ketones differ only in the nature of the A/B ring 
juncture. These two curves were found*? to be typical, irrespective of 
additional non-chromophoric substitution. In fact, the characteristic 
shapes of these dispersion curves were retained in their bicyclic analogues 
(XX)*3 and (XXI)*4, and even remained unchanged when the adjacent 
ring became five-membered as in the hydrindanones (XXII) and (XXIII). 


H 
(XX) (XX1) (XXII) (XXIII) 


These results, coupled with many others mentioned in the original papers**-*, 
permitted the conclusion that the characteristic shape of a given rotatory 
dispersion curve of a cyclic ketone is very largely governed by its bicyclic 
stereochemical environment. The validity of this assumption has been 
tested by us with numerous substances, and any divergence from this 
* rule” could invariably be shown to be due to conformational alteration, 
since this, of course, could affect the asymmetric environment around the 
carbonyl chromophore. 

The above reduction to a bicyclic common denominator has increased 
greatly the scope of rotatory dispersion measurements, and has made them 


unsurpassed as far as applications to relative and absolute configurational 
problems are concerned. A number of examples will be given to illustrate 
this point, but, before doing so, it is pertinent to mention some other applica- 
tions of the rotatory dispersion information covered by Figure 7. The cis- 


decalone (XXI) can exist in two chair conformations, the “ steroid-like ” 
form (XXIV) (steroids such as (XIX) are locked in this conformation by 
the trans- B/C ring juncture) and the “ non-steroid ” one (XXV). Originally, 


0 
(XXIV) (XXV) 
it was believed®* that, in the decalone series (X XI), the “ non-steroid ” 
conformation (XXV) was the preferred one, but the coincidence of the 
rotatory dispersion curve of the cis-decalone (XXI) with that of the steroid 
(XIX) of known conformation has led to the decision** that the reverse is 
the case. A similar conclusion can also be reached in the hydrindanone 
series, since the rotatory dispersion curve of (XXIII) was again of the 
steroid type ( (XIX) in Figure 7). It was thus possible to solve a rather 
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subtle conformational problem in the decalone and hydrindanone series 
from rotatory dispersion information among steroids. 

Conversely, the rotatory dispersion data® for the bicyclic hydrindanones 
XXIT) and (XXIII) offered the first correct information about the stereo- 
chemistry of the hydrogenation products of B-uorcholesterol (XXVI). 
The principal product (XXVII)?’7, had been oxidized to the ketone 


Cah, 
| 


(XXVII) (XXVIII) 


XXVIII) and its rotatory dispersion curve®® proved to be of the A/B cis- 
type (XIX). Since studies in the bicyclic series had demonstrated” that 
the size of the adjacent ring does not play an important réle, provided the 
stereochemical situation is not otherwise altered, it was suggested by us 
that the principal product was the 5f-alcohol (XXVII) rather than the 
anticipated 5a- isomer. This conclusion has since been verified by other 
studies**, 

Duting the past few years, we have measured the rotatory dispersion 
curves of steroids with a variety of angular substituents ( (X XIX). R’ H, 
CH,, halogen; R’ H, CH,, OH, CN, CO,CH,, C¢ INH,), and in 
every instance the characteristic rotatory dispersion difference between the 
A/B trans- and A/B cis- isomers (see Figure 7) was retained. thus offering a 
tool of unsurpassed value for solving configurational problems of this type. 
As an illustration, we may cit the reduction of the double bond of 
19-nortestosterone (XXX), which with chemical agents®® leads to one 
isomer (XXXII) and under catalytic hydrogenation conditions” to another 
XXXII). The rotatory dispersion curves of these products were typical 


R’ H H H | 
| 


H 
(XXIX) (XXX) (XXX1) (XXXI}) 


of an A/B trans- ( (XVIII) in Figure 7) and A’B cis- XIX) in Figure 7) 
ring fusion respectively, and thus immediately settled a stereochemical 
point which, at this time, would not be amenable to attack by any other 


physical method. A similar problem arose in determining the stereo- 
chemistry of certain steroids*! into which a methy! group was introduced at 
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C-5 ( (XXIX), R’ = R” = CH,), and this was again solved in terms of an 
A/B cis- ring fusion by rotatory dispersion measurements. 

In the light of the above discussion that the typical rotatory dispersion 
features of steroid ketones are also retained in their bicyclic analogues, it is 


(XXXII) 


not surprising that this tool has been also of great utility in fixing stereo- 
chemical details in other molecules. Of the many examples which have 
been cited*~*, it may be useful to consider one of the first applications®* of 
this approach in the sesquiterpene series. 
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Figure 8. Optical rotatory dispersion curves of three stereoisomeric products formed by 
catalytic hydrogenation of -a-santonin 
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24 


$0 600 700 
mp 
a 
of testosterone, 19-nortestosterone and a related 


yelic ketone 
curve*, while that® of the tricyclic ketone (XL)*™ is of mirror-image type 
since, in ns of its angular substituent it belongs to the antipodal series. 
its would imply that the characteristic rotatory dispersion 
curve of such octalones (XX XIX) is immune to any type of manipulation. 
Actually, this is only true if the modifications do not affect the geometrical 


conformational) or electronic environment of the a,8-unsaturated car- 


bony! chromophore. If this is disturbed, then major aberrations in the 
| 


(XXXIX) 


rotatory dispersion curves of 19-nortestosterone (XXX) and 
epresents the most cogent argument for the §-oricntation of the 
Similar rotatory dispersion studics have been carried out to establish 


in other steroidal (C. Djerassi, M. Ehrenstein and G. W. Barber. Ann.. 612, 93 
) and tricyclic (O. Schindler. Helv. Chim. Acta, 43, 754 (1960 19-nor- analogues. 
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rotatory dispersion curve will be noted, even though they may involve only 
minor structural variations. For instance, the rotatory dispersion curve 
(Figure 10) of 6a-methyltestosterone (XLI) is practically identical with that 
28 
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700 
my 


Figure 10. Optical rotatory dispersion curves of 62- and 68-methyltestosterone 


of testosterone (NXXVIII) (Figure 9), while the introduction of an axial 
substituent as in 68-methyltestosterone (XLII) produces a drastic change!” 
‘see Figure 10). That this is due to conformational distortion caused by the 
steric interaction between the axial methyl groups at C-6 and C-10 could 


be demonstrated** conclusively by the synthesis of the corresponding 19-nor- 
analogue XLII), with angular hydrogen atom attached to C-10), in 
which the original undisturbed rotatory dispersion picture ( (XLI) in 
Figure 10) was again restored. 


Ample use has been made of the sensitivity of the rotatory dispersion 
curve of A‘-3-keto-steroids to conformational and electronic disturbances 
accompanying the introduction of axial substituents at C-6 to assign con- 
figurations to various 6-alkylated**, halogenated®. and nitrated*! 
steroids. Variations, similar to those exhibited in Figure 10, have also been 
encountered in 8-isotestosterone (XLIII)* (contrasted with testosterone 
XXXVIII) ) and in epi-a-cyperone (XLIV)** (contrasted with a-cyperone 
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(XLII) (XLV) 


(XLV) ), and in each instance have been associated with conformational 
alterations (chair to boat) in ring B. The detection of conformational 
distortion in the axially oriented epi-a-cyperone (XLIV) was particularly 
striking, and would not have been readily noticeable by other means. 

The above discussion may be considered to be the background to perhaps 
the most significant contribution of optical rotatory dispersion to the 
armamentarium of the organic chemist, namely the determination of 
absolute configuration. The subject was first developed in an early paper** 
in our series on Optical Rotatory Dispersion Studies, and has since been covered 
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Figure 11. Optical rotatory dispersion curves of saturated nor-ketone and unsaturated 
dibromo-ketone derivatives of iresin, compared with those of related steroid models 
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in detail®.’. At present, we shall consider only some of the more recent 
applications of this approach in the natural products field, where it has 
found immediate and widespread use. We have shown that non-chromo- 
phoric substituents play no significant qualitative réle, the all-important 
factor being the stereochemical and conformational identity of the appro- 
priate bicyclic environments around the carbonyl chromophore; hence, the 
rotatory dispersion approach? to the determination of absolute « onfiguration 
consists simply in comparing the dispersion curves of the unknown ketone* 
with that of a reference compound of known absolute configuration and 
possessing the appropriate bicyclic system. For many of our initial studies, 
we have selected steroids as reference substances, as their absolute con- 
figurations are known, and virtually all significant bic yclic systems can be 
found in appropriate steroid substrates. 

For purposes of illustration of the power and scope of this method, examples 
will be given where rotatory dispersion has so far offered the only means of 
arriving at an absolute configurational assignment. 

The structure of the sesquiterpene iresin (XLVI) has been established 
by classical chemical means*? and confirmed by X-ray studies*’. Because 
of the important position of iresin in the biogenetic scheme*4 of the terpen- 
oids, its absolute configuration was clearly of interest. and the problem 
was solved® exclusively by means of optical rotatory dispersion. Iresin 

XLVI) was degraded® to the saturated nor-ketone (XLVII) and the 
unsaturated dibromo-ketone (XLVIII), and thei respective rotatory 
dispersion curves were compared with the steroid models (XLIX) and (L). 
where rings A and B coincide stereochemically and conformationally with 
the iresin degradation products. As shown in Figure 11, the re spective pairs 


XLVIT)-(XLIX) and (XLVIIID)-(L) exhibit mirror-image type curves 


( ) (LIV) 
* Obviously, this statement also applies to other chromophores such as the thione grouping. 
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whereupon it can be concluded that iresin (XLVI) and its degradation 
products possess an absolute configuration which is antipodal to that of 
the steroids. The absolute configuration of the biogenetically related 
farnesiferol B (LI) was established“ in a similar fashion by degradation to 
the bicyclic ketone (LII), and that of andrographolide (LIII)*’ by trans- 
formation to the decalone (LIV). Both degradation products (LIT) and 
(LIV) exhibited positive Cotton effects, which could be evaluated by 
reference to similar Cotton effects (see Figure 4) of 2- and 3-keto-steroids of 


the 5a- series. 

The importance of conformational as well as stereochemical identity 
between the reference substance and the unknown product cannot be over- 
emphasized. Thus, it was noted in an earlier study’ that introduction of 
a gem-dimethy] substituent into a 3-keto-steroid of the 5a- series resulted in 
inversion of the Cotton effect, 4,4-dimethylcholestan-3-one (LV) exhibiting 
a negative one (see Figure 12) in contrast to the positive one (see Figure 2) 
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Figure 12. Optical rotatory dispersion curves of 4,4-dimethylcholestan-3-one and 
dihydroiresone 


of cholestan-3-one (III). This behaviour is also observed in 4,4-dimethyl-3- 
ketones of the 19-nor-steroid series!?, and in fact even among decalones**, 
and a possible explanation has already been discussed’. If the problem of 
the absolute configuration of iresin (XLVI) is attacked through the related 
naturally occurring ketone dihydroiresone (LVI)**, then an incorrect 
answer would have been obtained if an ordinary 3-keto-steroid (e.g. (III) in 
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Figure 2) or a 4-monomethy! derivative ( (XLIX) in Figure 11) had been 
employed as the reference ketone. However, by using the negative Cotton 
effect of 4,4-dimethylcholestan-3-one (LV) (see Figure 12) for comparison 
purposes, the correct conclusion with respect to the antipodal nature of the 
ring juncture of iresin is obtained, since dihydroiresone (LVI) possesses a 
positive Cotton effect (see Figure 12). A similar situation exists in the 
diterpene darutigenol (LVII #9* where its absolute configuration was 
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Figure 13. Optical rotatory dispersion curve of a cafestol degradation ketone, compared 

with that of the steroid reference ketone 42-cthylcholestan-3-one 
* Recent work by A. Diara, C. Asselineau and E. Lederer, Bull. soc. chim. France, 1960, 
2171, has shown that the double bond in (LVII) is actually located in the 8—14 position 
sterond numbering system The absolute configurational conclusions, however, are still 
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determined by comparing the rotatory dispersion curve (positive Cotton 
effect) of the derived ketone (LVIII) with the negative Cotton effect of an 
appropriate 4,4-dimethyl- A’-ketone, A’-lanosten-3-one ( (X) in Figure 5). 

Another pertinent example is the diterpene cafestol (LIX), whose structure 
had recently been established in our laboratory™®. Its absolute configuration 
rests on two different rotatory dispersion arguments. The first® pertains 
to the stereochemistry of the A/B ring fusion, which is assigned a stereo- 
chemistry antipodal to that of the steroids since the rotatory dispersion 
curves (see Figure 13) of the cafestol degradation ketone (LX) and the 
steroid reference ketone, 4a-ethylcholestan-3-one (LXI) bear a mirror- 
image relation to each other. It should be noted that, for chemical reasons, 
cafestol (LIX) is believed® to possess a syn-backbone, in contrast to the 
anti- relationship existing at C-9 and C-10 in the steroids. In order for the 
rotatory dispersion comparison outlined in Figure 13 to be valid, it must 
first be demonstrated that a 9,10-syn- arrangement does not affect the 
characteristic positive Cotton effect (see Figure 2) of 3-keto-steroids. This 
was accomplished by comparing the rotatory dispersion curves of ergostan-3- 
one and its 98- analogue, both of them being characterized by positive 
Cotton effect curves of similar amplitude. There is no doubt, therefore, 
of the existence of an antipodal A/B ring juncture in cafestol. 


(LXI1) 


As far as the stereochemistry of the B/C/D environment is concerned, 
this rests on several rotatory dispersion arguments, including the positive 
Cotton effect of the tricyclic ketone (LXII) which was recently obtained®! 
from cafestol. 

All of the above terpenoids exhibit the outstanding feature of possessing 
an absolute configuration which is antipodal to that of the steroids. This 
very unusual point rests completely on rotatory dispersion studies, and it 
will be admitted that any classical chemical procedure for arriving at an 
absolute configurational assignment for these substances would have been 
extremely complicated. It is not surprising, therefore, that this particular 
rotatory dispersion application has been accepted so quickly in the domain 
of natural products chemistry; the absolute configuration of as diverse a 
group as columbin®*, gibberellic acid®*, the ergot alkaloids®* and limonin™, 
just to mention a few recent examples, is based completely on optical 
rotatory dispersion studies of the type illustrated above. 

In connection with our extensive investigations of the rotatory dispersion 
behaviour of the carbonyl chromophore, it was particularly pertinent to 
examine a-halogenated ketones, since a number of correlations had already 
been noted between the orientation of a halogen atom and the position of 
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(. xX V1) (Iso-octane) 
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A mp 
ory dispersion curves of 2-chloro-5-methylcyclohexanone in methanol 
The curves represent new measurements in which the spectral range 
has been extended somewhat over that previously reported™ 


Cotton effect (similar to that of the chlorine-free parent ketone), while the 
axial haloketone rule would predict a strongly negative Cotton effect for 
the axial isomer (LXVI). Indeed, when the rotatory dispersion curve 
of (LXV) was measured in the polar medium methanol, a positive Cotton 
effect was noted Figur 15) consistent with a predominance e of (LXV while 
in iso-octane a strongly negative Cotton effect was generated, indicating the 
increased presence of the axial form (LXVI). Figure 15 thus represents an 
excellent graphical illustration of conformational mobility in a cyclo- 
hexanone. 

Quite recently, we have been able to demonstrate*®* a similar conforma- 


tional equilibrium in a _ brominated cis-decalone. -cis-1-Decalone 
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Optical rotatory dispersion curves of )-2-bromo-cis-l-decalone in methanol 
and in iso-octane 


(LXVII) was converted into the axially oriented (—)-2-bromo-cis-l-dec- 
alone (LXVIII), whose strongly negative Cotton effect (see Figure 16) in 
iso-octane solution requires that the compound exist in the “ steroid ” con- 


formation (LXVIII). 


When the dispersion measurement was repeated in 
the polar solvent methanol, there occurred a reduction in amplitude, which 


is only possible if a certain proportion of the “ non-steroid ” compound 

(LXIX) with the equatorial bromine atom is generated. That this diminu- 
g 

tion in amplitude in methanol actually reflects a shift in the conformational 


equilibrium towards (LXIX) is verified by the observation that other 


brominated decalones, ¢.g. the corresponding cis-9-bromo-|-decalone, 
H 
4 H,CO,C._-H 
O.. 
H Br~ | 
(LXX) (LXX1) 
498 


Big 
wre 
all, 
J 
as 
es 


APPLICATION OF OPTICAL ROTATORY DISPERSION STUDIES 


exhibit rotatory dispersion curves of identical amplitude in either methanol 
or 1so-octane. 

The above two examples illustrate the use to which the axial haloketone 
rule can be put for attacking conformational problems if the absolute con- 
figuration is known. The converse—proof of absolute configuration by the 
axial haloketone rule—is strikingly illustrated by the alkaloid annotinine 
(LXX), which has recently been transformed** into the axial bromo- 
ketone (LX XI) possessing a strong negative Cotton effect**. Application 
of the axial haloketone rule shows that this is compatible only with the 
stereoformula (LXXI), whereupon the absolute configuration (LXX) 
follows automatically for the parent alkaloid annotinine. 

Until now, our discussion has been limited to carbonyl-containing sub- 
stances, largely because these were the first to be studied by us on the 
grounds that the carbonyl chromophore has particularly favourable pro- 
perties for rotatory dispersion studies, and because ketones and aldehydes 
are among the most widely distributed functional groups. Just as with 
ultra-violet®. © and infra-red spectroscopy™, the carbonyl chromophore will 
continue to occupy a very important place, but it is obvious that other 
chromophores are available which are optically active and absorb in a 
convenient spectral region with a sufficiently low extinction to be useful for 
spectropolarimetric investigations. Many of these potentially useful 
chromophores have already been reviewed*’, and, at this time, we shall 
limit ourselves to some recent developments in the natural products field 
which have been studied in our laboratory. 

Apart from the carbonyl moiety, the most widely distributed functional 
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Figure 17, Optical rotatory dispersion curves of dithiocarbamate derivatives of L-(+ )-alanine 
and L-(+ )-lactic acid 
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groups in organic chemistry are carboxylic acid, amine and alcohol groupings. 
None of these absorbs in a suitable spectral range, and, in order to subject 
them to the type of rotatory dispersion scrutiny illustrated above for ketones, 
it is necessary to transform them into derivatives with more favourable 
spectroscopic properties. The feasibility of this approach can be demon- 
strated by several examples. Thus we have shown® that dithiocarbamate 
derivatives (e.g. (LX.XII) ) of a-amino-acids (readily prepared by treating 
an alkaline solution of the a-amino-acid with carbon disulphide and an 
alkyl halide) absorb near 330 my with a very low extinction, and that these 
derivatives exhibit Cotton effect curves. The same applies to the xanthates 
of a-hydroxy-acids (e.g. (LXXIII) ), whose low-intensity ultra-violet 
absorption maximum falls near 356 mu. An extensive rotatory dispersion 
study of a series of such derivatives of a-amino- and a-hydroxy-acids has 
shown®* that their rotatory dispersion curves afford by far the most con- 
venient means of establishing the absolute configuration of the x-asymmetric 
centre, since all members of the L-series exhibit a positive Cotton effect, 
while a negative one is given by those of the p-series. This is illustrated in 
Figure 17 with the rotatory dispersion curves of the appropriate derivatives 
of L- -alanine (LXNXII) and L-{+)-lactic acid (LX XIII), the curve of 
the latter being displaced somewhat to the visible, since its ultra-violet 
absorption maximum occurs approximately 30 my closer to the red than 
that of the dithiocarbamate (LXXII). The nature of the a-alkyl sub- 
stituent is not important, since a-hydroxy-acids such as L- -malic acid 
and L- -mandelic acid behave in an identical fashion, their respective 
xanthates LXXIV) and (LXXV exhibiting positive Cotton effect 


curves even though the parent acids show D line rotations of opposite sign. 


S 
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The simplicity of this rotatory dispersion approach can be contrasted with 
the substantial difficulties which were encountered in the classical proof of 
absolute configuration of mandelic acid®. 

As far as applications in the a-amino-acid field are concerned, the method 
should not only be useful for establishing the absolute configuration of new 
x-amino-acids that may be discovered in the future, but also for determining 
the configuration of a terminal amino-acid in a peptide, a problem which 
is particularly pertinent in the antibiotic field. In support of this statement 
may be cited the observation®* that the dithiocarbamate derivatives of 
L-alanyl-L-alanine and t-alanyl-p-alanine exhibit positive Cotton effect 
curves of identical amplitude, the governing factor being the stereox hemistry 
of the a-asymmetric centre to which the free amino-acid group is attached. 

Some time ago, Kenner and Khorana™ suggested .V-thioncarb- 
ethoxy-a-amino-acids (eg. (LXXVI as suitable intermediates for 
peptide degradation. Their work was limited to the preparation of such 
derivatives in the pL-series, but preparation of the optically active derivatives 
and optical rotatory dispersion measurements’! have shown that .V-thion- 
carbethoxy-a-amino-acids of the L-series (e.g. L-leucine derivative (LXXVI 
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in Figure 18) exhibit positive Cotton effect curves, similar to the analogous 
dithiocarbamates (LX XII). 

The spectroscopic properties of the C=S chromophore have proved to 
be useful in a number of environments. Thus, Owen and collaborators”? 
have prepared several trithiocarbonates in the carbohydrate field. These 
derivatives are characterized by a low-intensity absorption band at 450 my, 
which was shown to be optically active. Several members of this class 
have already been studied in our laboratory, and, as an example, there is 
reproduced in Figure 18 the positive Cotton effect exhibited by 5,6,dideoxy- 
(LX XVII). 
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Figure 18. Optical rotatory dispersion curves of V-thioncarbethoxy-t-leucine, 5,6-dideoxy- 
1,3:2,4-di-O-ethylidene-5,6-(thiocarbonyldithio)-L-iditol, and a thiourea derivative of 
dehydroabietic acid 

In a search for derivatives of carboxylic acids’* which will exhibit Cotton 
effect curves suitable for configurational correlations, we have selected74 
certain acylthioureas. Of particular utility proved to be the thioureas 
obtained upon successive treatment of an acid chloride with potassium 
thiocyanate and morpholine. In Figure 18, there is shown the positive 
Cotton effect of such a derivative (LX XVIII) (Amax 340 mu) obtained 
from dehydroabietic acid. The synthesis and optical rotatory dispersion 
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curves of a variety of such acid derivatives are now under way in our labor- 
atory, and the results to date suggest that this approach will be useful for 
assigning configurations to the a-asymmetric centre of optically active 
carboxylic acids. 

My somewhat cursory review of the present position of optical rotatory 
dispersion measurements in the natural products field has shown that, in a 
period of less than five years, this physical tool has become an important 
adjunct to investigations in this area. A great deal of research is now going 
on in a large number of laboratories on various practical and theoretical 
applications of rotatory dispersion to the entire field of organic chemistry. 
It is very unlikely that research on optical rotatory dispersion on the part 
of organic chemists would have proceeded so rapidly, and been accepted 
so generally, were it not for the fact that a variety of suitable test substances 
was available from the field of natural products. Indeed, in the develop- 
ment of no other physical method have natural products played so essential 
a role as in optical rotatory dispersion. 
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THE DIRECT DETERMINATION OF THE 
MOLECULAR STRUCTURES OF 
NATURAL PRODUCTS 


A. McL. Maruieson 
C.S.1.R.O. Chemical Research Laboratories, Melbourne, Australia 


INTRODUCTION 


When I came to look again at the title of my talk, it appeared to me that 
it had not quite succeeded in defining the scope of my subject adequately. 
Let me say, therefore, that my purpose is to show that, given the empirical 
formula of a suitable derivative of a natural product in a satisfactory crystal- 
line form, it is possible to arrive at the three-dimensional molecular structure 
in a direct manner and with only minimum assumptions, these being of a 


general type. 

The task of preparing this lecture was influenced, although not made 
easier, by the increase in the numbers of moderately complex molecules 
which have been subjected to X-ray analysis in the last few years. It 
appears probable that this increased interest (particularly in natural pro- 


ducts) is not a passing phase, but a consistent change in attitude which may 
lead, by its results, to a reconsideration of the réle of X-ray analysis in this 
field. Prospects exist for the growth of specialist groups to determine 
structures of natural products by the application of this technique. 

There is little need to dwell on the reasons for determining molecular 
structure—such information is basic to any understanding of how molecules 
can be chemically modified with intention and how they may be inter- 
related biogenetically. Although two-dimensional structural formulae 
have served well in the past, it is clear from the extensive discussion of the 
influence of conformation and the increased interest in absolute configura- 
tion that a fairly detailed three-dimensional picture of the molecule is now 
required. ‘This being so, the determination of molecular structure in such 
detail is the essential first stage in the study of a new compound and one 
which must be solved in as direct and rapid a way as is consistent with 
accuracy. A solution by classical methods through chemical degradation, 
and then confirmation by synthesis, offers an attractive and exciting task 
for many organic chemists; but even for moderately complex compounds, 
the number of man-years involved in the first step, ic. solution of the 
structure, is becoming burdensome, particularly for those compounds with 
inter-linked ring systems—¢.g. the recent description of the chemical con- 
stitution of limonin which involved 14 authors’. In this field, X-ray 
structure analysis may occupy a unique rdle since, with certain conditions 
satisfied, it can be of general application. It is one in which the latent 
power of computers may be very effectively placed at the service of organic 
chemistry. 
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I want to illustrate, by selected examples, how X-ray analysis has been 
of help in this aspect of organic chemistry, with particular reference to 
natural products**, and how the co-ordination of facilities has greatly 
increased the prospect of this assistance in the future. To do so, we need 
first to deal with certain of the features which render the X-ray method 
peculiarly suited to this task. 

Ihe physical methods of determining molecular structure fall into two 
general types, and it is useful to appreciate the clear distinction between 
them. The first group deals with “ fragmentary ” information, i.¢. it gives 
information primarily about “ bits” of the molecule groups or radicals). 
Of such techniques, the main representative is that which measures changes 
in energy between the states of a molecule—ranging from ultra-violet 
through to microwave absorption. In many respects, these techniques 
resemble chemical degradative methods which also yield “ fragments ”’, 
recognition of which permit these “ fragments” to be fitted together to 
derive the molecular structure. Perhaps because of this similarity, the 
organic chemist has been quick to appreciate and accept these techniques 
and make wide application of them. The second type of physical method 
is the diffraction te hnique which, by contrast with the first group, does not 
offer partial information— it represents an all-or-none approach to molecular 
structure. Wide use has not been made of this tec hnique in the past but, 
as a result mainly of the availability of large electronic computers, this 
attitude may be changing. For this reason now is an appropriate time to 


indicate the scope of the tec hnique. 


X-RAY ANALYSIS 


Outline of the X-ray method 

With regard to this aspect of the all-or-none approach, we may consider 
the diffraction of X-rays by a single crystal, taken over all orientations. 
Experimentally, we end up with an array on films of spots of varying 
intensity, each spot being related to a set of parallel planes in the crystal 
referred to by their Miller indices, hkl, and its intensity being related to an 
amplitude value, |F|. So we have an extensive list of measurements, 
F(hkl)|. These arise from the periodic smooth distribution of electron 
density within the crystal, p(xyz), where x, y, and z are fractions of the 
repeat distances of the unit cell a.bxc. There are two relationships, (1) and 
2), between these quantities. 


== Sh Sk SUF (Akl) exp |— 2ni(hX + +12)! (1) 
F hkl p( xyz) exp hx +- ky + lz dxdydz (2) 


Akl) exp + kyy + lz, 2a) 


r 


It is not our intention to explain here in any detail the two distributions, 
p(xyz) and F(Akl), except to point out that their relationship is a mutually 
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dependent or reciprocal one. Thus, in a strict sense, to find out about 
one structure factor, F(hkl), we need to know all about p(xyz), ie. the 
contents of the unit cell, with reasonable precision. Conversely, to deter- 
mine the value of the electron density p at any given point x,y,z in the unit 
cell, we need all the F(Ak/) values. It is evident, therefore, in the approach 
imposed by this technique, that the available experimental information— 
the |F| values—cannot be treated piecemeal. We must determine all 
atom positions to be completely satisfied with, and certain of, our end-result. 
Fortunately, the X-ray method does not demand a one-step deduction of 
the completely correct structure, but is amenable to a gradual approach to 
the true solution by iterative processes. 

So far, then, the procedure appears straightforward. It is a matter of 
collecting the |F| data and combining them according to equation (1). 
However, this conceals the fact that each F can be a complex quantity, 
|F\cos «a + i |F| sin a, and two parameters are necessary to define 
F, namely the modulus, |F|, and the phase angle, a. We can measure 


|F|, but, in general, cannot determine a experimentally for a single 
crystal using one radiation. Should the crystal contain a centre of sym- 
metry, then a reduces to 0 or 7, i.e. F may be + F (cos 0°) or — F(cos z). 
If, however, the structure is asymmetric, as is extremely probable for a 
natural product, then a may range from 0 to 2 z, and it is obvious that the 
situation becomes complex. The possibility of a practicable solution of the 
crystal structure is then closely bound up with the size of the molecule and 
the number of molecules constituting the asymmetric unit, i.e. the total 
number of atomic parameters that must be determined. As to the various 
proposals for the solution of the general phase problem, i.e. for any arbitrarily 
selected crystal, I must refer you to more extensive treatments®, but here, if 
we set ourselves the more limited task of determining certain organic 
structures with some prospect of success, we must narrow our field to con- 
sideration of the “ heavy atom” method as a means of yielding a first 
approximation to the phase angle. This does not mean that other methods 
cannot be used to solve such structures, ¢.g. hydroxydihydroeremophilone’, 
but to use them must involve a certain amount of chemical information, 
and, further, they are not yet adequately developed to deal with complex 
asymmetric structures. The heavy-atom method offers the possibility of 
determining a structure with the minimum of assumptions and the minimum 
of chemical knowledge, and, because of these conditions, parts of the process 
can be made automatic. In principle, the restrictive conditions of the 
heavy-atom method mean that we cannot tackle any crystal offered, but 
must select a suitable derivative which contains one or more (but not too 
many) atoms of atomic number higher than those constituting the main 
bulk of the molecule, i.e. C, Nand O. For the small sacrifice of the added 
complexity of the heavy atom(s), we gain a more certain starting point in 
analysis. 


The relative weight of the heavy atom 

In considering the general strategy for the structure determination of a 
compound of natural origin, the question arises as to what is the most 
suitable weight of the heavy atom with respect to the remainder of the 
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molecule. Choice is frequently restricted by chemical considerations or 
the crystallizability of derivatives, but some numerical estimate is useful. 
There are several factors involved. The value of |F| is formed of a vector 
sum of the atomic contributions (see equation (2) ) which, for convenience, 
we may consider in two parts—that due to the V heavy atoms .VAq, and 
that due to the n light atoms nAz in which we are mainly interested since 
they constitute the molecular skeleton(s). The use of a very heavy atom 
will, by itself, give a very close approximation to the “ true ” phase angle, 


but due to the error inherent in the measurement of |Fy| (5-10 per cent), 
we will not gain very exact information on the contribution of Ay. On the 
other hand, if Ay is not heavy enough, then there may arise uncertainties 
during the analysis which may retard progress—in the extreme, the analysis 
may not be able to start since it may not be possible to locate Aq with 


certainty in the first stage. A useful measure for selection in compounds 
\ n 

of moderate complexity is given by where and Zy, refer 
to the atomic number of the “ heavy ” and “ light ” atom types respectively. 
Values for typical analyses‘ cover a wide range with a mean value near 1-0. 
Values above 2-0 have been used, but, for the vitamin B,»—SeCN deriva- 
tive’, a value of 0-46 (based on Co Se) sufficed, and an even lower value 
of 0-22 (for S) in tosyl-proly |-hydroxyproline® permitted a successful analysis. 
Given the choice, it is preferable to veer on the low side, 0-6-0-8. The 
heaviness index does not provide a complete answer, since the heavy-atom 
technique depends also on the change in distribution of the magnitudes of 
F | with increasing number of atoms (see Figure 2 in a review by the author* 
This factor becomes of greater importance as the molecular size increases, 
and its significance is clear in the case of haemoglobin’ and myoglobin™ 
heavy-atom derivatives for which the heaviness index is extremely small. 
However, for the range of molecular size being considered here, the index 
is a useful guide*. 


Experimental conditions 


A successful analysis is not dependent only on the choice of a suitable 
derivative as indicated by the heaviness index, but is intimately tied up 


with the range and quality of the diffraction data. This aspect need be 


mentioned only insofar as it influences the analysis both as to speed of 
solution of the structure and the accuracy of the refinement. It is useful 
to revert to equations (1) and (2) to note a second aspect of their reciprocal 
relationship, i.e. between the Shapes of atoms in real space (in terms of the 
electron density, p) and the distribution of the diffraction data. F(Akt). 
For an isolated atom, the distribution in diffraction space is compared with 
the shape of an isolated atom in real space in Figure J]. The broader the 
peak in diffraction space which corresponds to more extensive diffraction 
data, the sharper is the atom peak in real space, and hence it may be more 
readily and accurately located. Conversely, where the range of data is 
limited, the peak in real space is very diffuse. For adjacent atoms, the 
ibility to site them accurately depends on the ability to differentiate them 
into separate peaks (see Figure ] (a) (iii) and (6) (iii) ). For most organic 


* More elaborate discussions of the influence of the he avy atom in determining phase (or 


signs) have been given by Luzzati'?, Woolfson! and Sim!*. 
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ompounds, the molecules and the atoms thereof are subject to considerable 


thermal vibration at room temperature, and the situation is more in accord 
vith Figure 1 4, the diffraction data falling off very rapidly with increasing 
ingle. The possibility exists of changing this situation experimentally to 
the more advantageous case, Figure ] (a), by lowering the temperature of 


the crystal, thus reducing thermal vibration of the atoms and extending 


the range of diffraction data. Temperatures of the order of —150 to 

0) © are readily obtained by the use of liquid air’, while lower values 

re feasible if liquid hydrogen or helium is available'*. The improvement 
hich us possible is shown dramatically in Figure 2. 


The second aspect of the experimental data is the magnitude of the 


F, terms. For a given exposure, only a certain proportion of reflections 
be recorded, all others lving below the background value or limit of 
sibility lo ensure that the maximum data are recorded so that amplitude 
termination will not influence results. the exposure must be the maximum 
racucable—an important factor for complex molecules if the analvsis is 
eing carried out with three-dimensional data. For a normal X-ray 


generator, it is not uncommon with crvstals of natural product origin for 
each laver, of which there may be 5 to 20. to be exposed lor 200-250 h, and 
thus the collection of the data becomes a major time-component of the 


nalvsis. To overcome this, the time factor can be reduced by the use of 


Because of the importance not only of the maximum amount of data but 


also of its tull population over the whole observational range, a combination 
a low-temperature adaptor with a high-power generator provides a 
nsiderable improvement in the range of data and the speed of collection. 
Thus, for the analysis of himbacine hvdrobromide'. it has been found 
possible to record the selected 6 lavers in 5 davs. each exposure being from 
tk h and the percentage pop lation recorded being a) per cent, 


So far, photographic techniques of collecting intensitv data have been 


mphed. The accuracy of measurement is of the order of 3-10 per cent 
ind, for greater accuracy, it would be necessary to use counter techniques 
#4 measuring intensities. For complex molecules with large numbers of 
F values, ¢.¢. 2927 for vitamin B,. wet ', 3351 for the hexacarboxylic 
acid from vitamin B,, * and 3400 for jacobine bromohvdrin?!. it would 
equire to be an automatic or semi-automat« process, Several designs 
ave been proposed **, and it is very probable that with increased need 


1] 


ere will be an increased effort to make this aspect of structure analysis 


itomatic, 


P2, and P2,2,2, 


Before considering the methods used to extract structural information 


Space groups 


trom the diffraction data, it is informative for this late purpose to mention 


ve three-dimensiona!l spatial arrangements which molecules adopt when 
persuaded to crystallize. There are 230 spatial arrangements space groups 
vhich are theoretically, possible, but natural products crystallize in only a 
very limited number of these. Since the molecules of natural products are 
generally asymmetric and, in addition, have little internal symmetry, it is 


found in practice that the majority crvstallize in one or other of only two 
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Space groups of the 138 theoretically available asymmetric space groups— 
either the monoclinic P2, or the orthorhombic P2,2,2, (see Table /). The 
Many analyses of amino-acids, Peptides, Sugars, purines and Pyrimidines 
have been omitted from the list in Table 1, This decision js arbitrary but 
appears valid for the author’s Purpose in that, for the majority of such 
compounds, their molecular formulae were not in doubt, details of con- 
ormation and configuration being the Principal aim of the analyses, 

Since the tactical approach to the solution of the structure js influenced 
by the Space group in which it crystallizes, and since these two space groups 
dominate the field, we Shall draw attention to certain of their features and 
mention conditions imposed by their detailed symmetry. The relationships 
of the symmetry elements and asymmetric units are Shown in Figure 3. 


(a) 


} 


Figure 3. The (Wo space groups “ most Popular ” with crystals of natur 
derivatives: (g The monoclinic ‘pace group P2,; (; as viewed down the b symmetry axis; 
#) as viewed down the a axis; (j;; 4 symmetrized Projection of (jj due to 
heavy atom. 6) The orthorhombi space group i 


al products and their 


Phasing with a 

as viewed down the q axis; 

4) as viewed down the b axis; (jj 4 symmetrized Projection of (i7) due to phasing with a 
heavy atom in 4 special position 


The symbols used for symmetry elements are standard (see International 
Tables for X-Ray Crystallography, Vol. 1 (1959 )» For P2,, the Situation js 
simple deceptively So from a structural aspect. There js only one type of 
symmetry element and only one set of these two-fold screw axes Parallel to 
the } axis, There are only two asymmetric units in the unit cell, i.e. given 
one unit or molecule then the other unit or molecule can be described as 
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space groups of the 138 theoretically available asymmetric space groups— 
either the monoclinic P2, or the orthorhombic P2,2,2, (see Table 1). The 
many analyses of amino-acids, peptides, sugars, purines and pyrimidines 
have been omitted from the list in Table 1]. This decision is arbitrary but 
appears valid for the author’s purpose in that, for the majority of such 
compounds, their molecular formulae were not in doubt, details of con- 
formation and configuration being the principal aim of the analyses. 

Since the tactical approach to the solution of the structure is influenced 
by the space group in which it crystallizes, and since these two space groups 
dominate the field, we shall draw attention to certain of their features and 
mention conditions imposed by their detailed symmetry. The relationships 
of the symmetry elements and asymmetric units are shown in Figure 3. 
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Figure 3. The two space groups “ most popular " with crystals of natural products and their 

derivatives 1) The monoclinic space group P2, i) as viewed down the 6 symmetry axis; 

as viewed down the @ axis ut) a symmetrized projection of (#@) due to phasing with a 

vy atom b) The orthorhombic space group P2,2,2, i) as viewed down the a4 axis; 

#) as viewed down the 6 axis; i) a symmetrized projection of (#1) due to phasing with a 
heavy atom in a special position 


The symbols used for symmetry clements are standard (see International 
Tables for X-Ray Crystallography, Vol. 1 (1952) ). For P2,, the situation is 
simple—deceptively so from a structural aspect. There is only one type of 
symmetry element and only one set of these—two-fold screw axes parallel to 
the 6 axis. There are only two asymmetric units in the unit cell, ie. given 
one unit or molecule then the other unit or molecule can be described as 
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In P2,2,2,, there is a set of two-fold 
screw axes parallel to each of the three axes—an asymmetric unit is repro- 


reproduced by the symmetry element. 


duced four times by the operation of the symmetry elements. 

For P2,2,2, with a single heavy atom in the asymmetric unit, the heavy 
atoms can contribute to define the phase angle of almost all reflections with, 
however, the presumably rare possibility that they may lie in special positions, 
¢.g. at a quarter position, Figure 3 (b) (ii), where its effectiveness as a phase- 
fixing agent is compromised, as in the case of gelsemine hydroiodide**, On 
the other hand, for P2,, if there is only one equivalent heavy atom, then it 
and its symmetry-related atom can be regarded as disposed around a centre 
of symmetry. We have noted earlier that, where a centre of symmetry is 
involved, the phase angles defined by the heavy atoms degenerate to either 
0° or 7. Hence, in this case, so far as the heavy atoms are concerned, the 
crystal structure is centrosymmetric and, if the heavy atom is used to initiate 
the analysis, it will impose this symmetry upon the diffraction data and thus 
upon the apparent structure. This situation is depicted in Figure 3 (a) (iii) 
in contrast with the real situation in Figure 3 (a) (ii). The situation may be 
described to a first, but necessarily crude, approximation by imputing half 
atoms on either side of the introduced reflection plane. For this situation, 
we therefore face a somewhat more intractable problem—the sites of the 
A, atoms (if we recognize them) are now of half-weight ex« ept on the intro- 
duced planes of symmetry. Of the 2n sites, assuming that all are located 
sufficiently accurately and none are spurious, we have to distinguish which 
atoms are related to which to form a molecule. At this point, we must 
recognize that for this space group P2, with one heavy asymmetric atom 
we require to apply tests of chemical sensibility in terms of bond lengths and 
angles in the recognition of groups of stereochemical significance. The 
first complete analysis of a natural product—cholesteryl iodide by Carlisle 
and Crowfoot**—provides an excellent example of this dilemma. This 
situation does not apply to space group P2,2,2,, at least in theory, although 
any chemical generalizations are useful guides at all stages of an analysis. 
However, for space group P2, they are a necessity. For such symmetrized 
structures, it is necessary to tilt the balance towards asymmetry in one 
direction or another by a conscious choice, ¢.g. in gelsemine hydroiodide**, 
acceptance of the existence of the indole ring decided the balance in one 
direction and the remainder of the molecular skeleton was defined by 
gradually working outwards by iterative application of Fourier syntheses. 
Comparing the two space groups for an asymmetric unit of one molecule, 
the amount of diffraction data per molecule is the same, and hence, under 
comparable circumstances, it is more desirable to carry out an analysis with 
a structure crystallizing in P2,2,2,, since ambiguities are less likely to arise. 
For this reason also, the comparative numbers of structures in P2, and 

22,2, which have been analysed (see Table ]), may have no statistical 
significance in terms of their distribution in Nature, but rather are representa- 
tive of the relative difficulties of analyses with the respective space groups, 

For P2,, the ambiguity arising from the existence of one heavy atom in 
the asymmetric unit may theoretically be eliminated by introducing a 
second heavy atom. This situation was found to exist in the case of the 
iodoacetate of epiliminol®*, which crystallized with two molecules in the 
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asymmetric unit, the two iodine atoms being at different y levels. However, 
such a situation may well lead to further complication as was found for 
jacobine bromohydrin*!. Here also there were two molecules in the 
asymmetric unit, but the situation was degenerate since both Br atoms were 
on the same y» level. 


Vector distribution 


With the experimental data, one more step may be carried through 
without assumptions other than those involved in the well-defined operations 
of the space group. Because the crystal is periodic in three dimensions, we 
may convert our data in diffraction space into an equivalent distribution in 
real space by means of a Fourier synthesis whose terms are |F|?. Since 
| Fl? : F.F*, this calculation (3) required no information regarding phase: 


P(X12) = 7 k >! cos +kY (3) 


Patterson**, who introduced this function in 1935, showed that it gives not 
atomic positions but the array of vectors between every pair of atoms, all 
the vectors starting from the origin of the unit cell. Thus, if there are 
N atoms in the unit cell, there are .V? — .V vectors in the distribution P. 
If V is 100 (say), then there are 9900 vectors. However, this complication 
is unavoidable in transferring to real space without information regarding 
phase angles. At the least, the vector distribution is equivalent to the data 
in diffraction space, and is more readily comprehensible in terms of bond 
lengths and angles and the general stereochemistry of molecules. 


Methods of analysis 


We may now consider the steps by which the complete molecular structure 
can be extracted from the diffraction data. 


Figure 4. A contoured vector map showing the location of the vector peak, V, between two 
S atoms. The vector peak is not immediately obvious and internal evidence was required 
to reveal its significance 


515 


| 
x 
4 
q 
+0/2 


A. McL. MATHIESON 


The first step is to determine the peaks corresponding to the Aq-An 
vectors in the vector distribution. These may be immediately obvious; 
but, if the Aq atoms are of inadequate weight, then tests involving internal 
consistency of the vector distribution may be required to distinguish the 
true Ayq-Ag vector peak from peaks of comparable size, due to coincidence 
of several minor vectors, ¢.g. in tosyl-prolyl-hydroxyproline® (Figure 4) and 
in cephalosporin C*’, Confirmation of the correct selection is particularly 
necessary where there are several atoms of only moderate weight: é.g. in 
the carbon tetrachloride adduct of sporidesmin?*® there are seven Ay atoms 
to locate, two S and five Cl. However, we shall assume that the Ay-An 
vectors can be identified and that, from their location, the sites of the Ay 
atoms in the unit cell can be deduced. 

This is the basic information to be used to locate the lighter atoms, so 
that they mav be grouped to form the molecular skeleton(s) and the atoms 
differentiated into C, N and O. 

If the analysis is started from an empirical formula, we must have no pre- 
conceived ideas regarding the molecular shape. In the early stages, it will 
not be possible even to tell which regions in the unit cell enclose the mole- 
cule(s), particularly if there is more than one molecule in the asymmetric 
unit. It is important not to superimpose one’s ideas upon the data, since 
it is found in practice that it is extremely easy with asymmetric structures to 
persuade the data in the direction we wish it to go. This arises from the 
flexibility of definition of the phase angles and the large numbers of para- 
meters involved in this type of analysis. This has been especially noted in 
the analysis of the vitamin B,, group of compounds by Hodgkin and her 
co-workers’. 2°. 2% and we have had similar experience with jacobine 
bromohydrin?! and thelepogine methiodide™, 

For this reason, it is important to handle the diffraction data so that the 
derived information should have maximum structural significance, a mini- 
mum of spurious detail, and lead to the correct solution in a minimum number 
of stages. If one deviates from the right track. it will be possible to correct 
the error because of the inherent properties of the Fourier method, but this 
may require time-consuming cycles of calculation to resolve the dilemma. 
Since the data initially in the form of a vector distribution will be eventually 
unravelled, and the molecular structure presented more clearly in the form 
of the electron density distribution, the various approaches to the process 
of structure analysis by this method may be differentiated by the point at 
which the transfer from the vector map to the direct p map occurs. As we 
have noted previously, the vector distribution contains all the structure 
information with the minimum of assumption, and accordingly it appears 
advisable to use this function to extract as much structural information as 
possible before transferring to the electron density representation. 

Although the vector distribution was proposed by Patterson in 193523, a 
systematic method of extracting information was not developed until 1950, 
when Buerger*! presented his image-seeking approach based on an earlier 
suggestion by Wrinch**, Other approaches of a similar type were proposed 
almost simultaneously by Beevers and Robertson®*, Clastre and Gay** and 
Garrido®, These processes consist of placing in the vector distribution a 
search-polygon which may represent a part or whole of a molecule, com- 
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bining the values at the vertices of the polygon (i.e. at atom centres) and 
transferring the combined values to form one value in a new derived dis- 
tribution. The polygon (or molecule) is moved over all possible positions, 
keeping the orientation fixed, and the complete new distribution is derived. 
There is a variety of methods of combining the values, but, in practice, 
since we are dealing with a complex situation, the individual operations 
must be uncomplicated and capable of rapid exploitation. The only ones 
which have proved satisfactory in use are the simple summation and the 
minimum function. We can see that if the search-polygon coincides with 
a number of high peaks in the vector map, a high peak is reproduced in the 
new distribution and this result will be structurally significant. Theoretically, 
one can start with only two atoms as search points and, as new atom sites 
are revealed, these are added to the search-polygon until finally the whole 
molecule is involved and the derived function shows only what was put in— 
with no spurious features. In practice, as is usual, many problems obtrude 
upon this idealized scheme, some of which are dealt with in Buerger’s book 
Vector Space*. 

However, all operations are carried out on the vector function, and so the 
image-seeking approach is in accord with our premise. The process of 


Figure 5. Image-secking by calculation of Fourier syntheses using — |? x de. de 


corresponds in: (a) toS; (6) toS + (N-1 + O-2); (c) toS + (N-1 + O-2) + the tolyl 
ring + O-1 + O-3 + C-12. The improvement with increasing number of atoms in the 
search-polygon is shown by comparison of (a), (b) and (c) with (d), the final electron-density 
distribution. The distribution (c) is calculated on the basis of knowledge of the location of 
approximately half the total number of atoms in the molecule 
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image-secking may be carried out by inspection, somewhat more exactly by 


hand calculation and most expediently by an electronic computer. Allter- 


natively, the combination of the vector distribution by summation may be 
replaced exactly and often more conveniently by a Fourier synthesis with 
terms | F (hkl) 37, where is the structure fac tor of the search- 
polygon. An illustration of this latter process is given in Figure 5, which 
shows the influc nce of um reasing the number of atoms in the scare h-polygon. 
The final electron-density map is shown for comparison. 


erythraline 


alized 


<iucts, this method was first developed and 
ychnine hydrobromide by Beevers and Robert- 
sequently, Przybylska has made use of image-secking by 
of annotinine bromohydrin™ and demethanol 
The best example, using the F? é- method, 
and Bonsma in their analysis of erythraline hydro- 
"'. Here the structure was derived almost completely from the 
nage-secking operation. Part of the final result is shown in Figure 6, 
al array of atoms being in accord with structural pro- 
id co-workers Ihe minimum image-secking function 
used in this field of natural products, a notable exe ception 
cellobiose** by Lipscomb and co-workers 
treatment of the vector distribution had evolved, the 
usual method of analysis was to discard the Patterson function as soon as 


the heavy atoms had been located, and to use the direct representation of 
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the electron density. At first, the representation would only approximate 
crudely to the “ true ” distribution, since phase angles were defined by the 
heavy atoms alone; but as single atoms or groups of atoms were recognized, 
their contribution to the phase angle was incorporated, and the cycle of 
structure factor and electron-density calculation repeated until the con- 
ditions for a satisfactory analysis were achieved, i.e. all peaks structurally 
significant used in (1) and (2)*. For this approach, the classical work 


A 
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Figure 7. Cholesteryl iodide B. Two sections of the three-dimensional distribution of 


electron-density (a) at y = 0-25, and (6) at y = 0-33 


which established the value of the heavy atom method as yielding the 
molecular structure without assumptions was the analysis of Pt phthalo- 
cyanine by Robertson and Woodward", while the first significant applica- 
tion to natural products was the analysis of cholesteryl iodide by Carlisle 
and Crowfoot® (see Figure 7). A striking example of the application of this 
method was given by Dunitz in 1952. Despite rather difficult experimental 
conditions—decomposition of the crystal to a gum under X-radiation—an 
analysis of bromoamphenicol* was completed. In this, Dunitz succeeded 
in showing that the first three-dimensional electron density distribution, 
based on the Br atoms, yielded the three-dimensional atomic array of the 
molecular skeleton (see Figure 8). 

The most extensive application of the use of the direct distributiont is in 
the analyses of the group of vitamin B,, compounds—wet and dry vitamin 
B,,, vitamin B,,—SeCN and the derived hexacarboxylic acid by Hodgkin 
and her co-workers. Perusal of the work already reported !®, 2, 29, 
describing an outline of the investigation of vitamin B,, and the crystal 
structure of the hexacarboxylic acid (see Figure 9), will give a greater 
appreciation of the process of approximation to the complete and correct 


* To speed up the derivation of the complete structure, Sim** has proposed the weighting 
of individual |/| terms by a function representing the probability of the phase angle being 


correct This scheme was used in the analysis of epiliminol iodoacctate™, 


t By single-derivative single-crystal techniques, to differentiate from the multi-derivative 
single-crystal methods of Perutz and co-workers and Kendrew and co-workers in their 
analyses of hacmoglobin and myoglobin respectively. 


519 


(a) 
c 
(b) <))) \ We : 
/ 
fe) 
: 


\. McL. MATHIESON 


he three-dimensional electron-density distribution of bromoamphenicol 
om which the atomic array, shown above, was deduced 


structure. For the hexacarboxylic acid, an idea of the magnitude of the 


calculations involved may be suggested by the observation that there are 
3 


atoms in the molecule and ten three-dimensional electron density dis- 
tributions were computed™. The story of this group of compounds is not 
yet complete, but it is already so extensive that it would be invidious to deal 
with it here. There would be little time left for the smaller molecules on 
which I have preferred to focus attention. 

At this point we may note that, where a considerable part of the molecule 
is known, the process of analysis is much more rapid in achieving a final 
answer, ¢.g. in the case of calciferol, which required only two cycles of 
three-dimensional calculation. 

In the more recent analyses of natural products, ¢.g. those of iresin*’, 
aspidospermine**, gelsemine®*, aureomycin®, calycanthine®, and kainic 
and allokainic acids*', the use of the electron-density distribution as soon as 
the heavy atoms have been located has proved more popular than image- 
seeking methods. These analyses have usually involved quite a number of 
cycles of calculation to arrive at the final answer. It would. however. appear 
to be profitable to make a careful comparison of this method with that of 
the image-seeking methods, in particular to consider whether a combination 
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Figure 9. The molecular structures of (a) vitamin B,, and (6) the hexacarboxylic acid derived 
from vitamin B,,, as deduced from X-ray data; and the three-dimensional structure (¢ of 
the hexacarboxylic acid, the atoms being indicated by contour sections near the atom sites. 
For clarity, the contoured distribution is shown in two parts: (1) the corrin nucleus; and 
u) the remainder of the molecule. Where atoms ove rlap in this projected view, groupings 

of sections at right angles are displayed adjacently 


of such methods would approach the correct result more rapidly. We may 
note that, in the analysis of strychnine hydrobromide**, an electron density 
map was used as a check on the results of the image-secking procedure, 
while for epilimonol iodoacetate**, an image-seeking function by direct 


superposition was used as a check on the first electron-density distribution. 
In the analysis of jacobine bromohydrin®! (a rather severe test-case due to 
the presence of two molecules in the asymmetric unit and the coincidence 
in y levels of the Br atoms), we first used three-dimensional image-seeking 
by calculation®’; but we were dissatisfied with the apparent large amount 


of spurious detail, so an electron-density distribution was calculated with a 
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high cut-off, i.e. only terms for which the Br atoms contributed 45 per cent 
or more of their maximum value were used. It was found that minor 
details were not coincident in the two distributions. Hence coincidences of 
positive peaks in both could be taken as structurally significant, and on this 
basis it was possible to extract 52 atoms which grouped into two chemically 
sensible molecules (identical to a first order)*. 
the molecules of jacobine bromohydrin is shown in Figure 1/0. The structure 
amplitude comparison for the 55 atoms in the asymmetric unit are grouped 
in Table 2. The data are grouped for constant k. The good agreement at 


The resultant grouping of 


Table 2. The measurement of agreement, R, between the experimental values of | FI, 

including “ unobserved ” terms, and those calculated for the first set of sites for the 

55 atoms derived from the combined use of image-seeking and an electron-density 
distribution with high cut-off 


low & is indicative of the general correctness of the molecular structure, 
while the steady trend of R with increasing k suggests that displacement of 
atoms is required in the y direction, individually or a molecule as a whole. 
The structure arrived at is in agreement with the formulation proposed by 
Geissman®?, but gives in addition full details regarding conformation and 
configuration. 

We have dealt mainly with three-dimensional methods of analysis, since 
these represent full use of the data, lead to a less equivocal result and are 
perfectly possible if one has easy access to a large-scale computer. There 
are, however, occasions when, for reasons of computer distance or economy, 
it may be advantageous to use two-dimensional or partial three-dimensional 
data. The diffraction data for each layer may be dealt with separately in 
the form of normal or gencralized projectionst. The normal projection 


has considerable restrictions for work on natural products (e.g. the analysis 


* Although two molecules per asymmetric unit are a disadvantage to an analysis at an 


early stage, they provide useful supporting evidence of internal consistency during the later 
‘ 


stages (see also epiliminol 


+ This does not contradict the statement made carlier in the text, as the data are not used 
piecemeal but in specific related groups (layers 
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of molec tles mm the crvstal structure ol jacobine brom yhvd in ¢ thanol 
\ and B are not related by svmmeury: B and B’ are crystallographically 


related by a diad screw axis 


Figure 11. The crystal structure of the bromodilactone from jacobine. Projection of the 
electron-density distribution down the 6 


axis with line diagrams of the two symmetry-related 
molecules superimposed 
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while we have utilized both generalized and modulus projections in the 
analysis of himbacine hydrobromide!*® (see Figure 13) and_ thelepogine 
methiodide’*. 


Figure 13. A comparison of (a) the normal projection and (4) the modulus projection from 
first-layer data for himbacine hydrobromide. The absolute configuration of the molecular 
skeleton is shown in (6 


One invaluable technique which is auxiliary to all the methods discussed 
above is the difference method, developed and systematized by Cochran®, 
The difference between the distributions based on F, terms and on F, terms 
is calculated by equation (5): 


| 
(Fo hkl) — Fe(hkl) ) 


exp |— 2mi(hX + kY + 12)| 


In this new function, errors and discrepancies in the calculation of structure 
amplitudes are accentuated, and can be identified and corrected. It has 
been used to determine the asymmetric vibrations of atoms and molecules 
and to reveal errors in scattering curves. For our purposes, it can be used: 
(1) to differentiate light atoms, i.e. C, Nand O; (2) to refine atom positions; 
and (3), most important, to assist in the location of lost or wrongly-placed 
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atoms. The method, under the name “ error synthesis *’, was used by Bunn 
and Turner-Jones during the analysis of benzyl penicillin®*, Two examples 
cation of difference methods in a complex structure are shown 
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It was, therefore, possible to establish the absolute orientation of any ZnS 
crystal or any other crystal of similar type. 


Twenty-one years passed 
before the significance of this observation for organic chemistry was recog- 


nized by Bijvoet, who put the idea to the test in a classical experiment with 
NaRb tartrate and ZrK a-radiation®™. 


It was later shown by Peterson** 
in Bijvoet’s group) that, although careful choice of radiation with respect 


to the anomalous scatterer accentuated the effect, it is possible to measure 


Figure 15. The application of difference methods in the location of hydrogen atoms. The 
crystal structure 1 aspartic acid hydrochloride 2) The zero-layer differer 
irot hich the asy 


acid ele » and the Cl~ jon have been subtracted. leaving the 


ce map 
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the differences in intensity even when the heavy atom absorption edge lies 
a considerable way from the waveleneth of the radiation used. This 
observation enabled the te« hnique to be applied without special experimental 
conditions Phus, it was shown that it was possible to define the absolute 
configuration of strychnine hydrobromide** using Cu radiation. We have 
used this technique to define the absolute configuration of himbacine 
hydrobromide"™* and jacobine bromohvdrin?'. 


For a heavy atom such as I with Cu radiation, the effect of anomalous 


dispersion is more marked than for Br. since / 7-2 for CuK radiation 

f f. f f where /, 93-4) This is reflected in the larger 
differences in intensity, often readily visible to the eve and, under such 
conditions, Przybylska and Marion have defined the absolute configuration™ 
ol oxvmethvlene lycoctonine hvydroiodide™ and -demethanol- 


hvdrioiodide 


Although of lesser interest, an alternative method more akin to the 
chemica approach 1s the introduc tion of a known absol ite centre with the 
heavy atom*’. With this te hnique, the analysis proceeds normally and 
the final structure cor tains its own reference standard. An exar ple is the 
anaivsis ol The analysis of Vitamin 


illustrates both methods, since the absolut conhguration of the molecule in 
the earlier stages of the analvsi was defined by reference to the pD-ribose 
component"’, while later this decision was confirmed by reterence to the 
anomalous dispersion of the Co atom in the hexacarboxylic acid™. 

The definitive experiment of Biyvoet and his co-workers and its implica- 
tions have alre idy had considerable influence on the definition ol con- 
figuration in organic chemistry, and have evoked a new set of rules by Cahn, 
Ingold and Prelog® to overcome inconsistencies in nomenclature. 

That the anomalous dispersion effect may be of greater significance than 
the definition of configuration, that it may be of direct use in structure 
analysis, was realized early. However, since the intensity differences are 
small, the necessity for very accurate intensity measurement is one which 
has not yet been made completely practicable for complex molecules. 
Peterson** illustrated its feasibility and Srinivasan” has applied it to an 
analysis of L-tyrosine. Okavya, Saito and Pepinsky”! have suggested a neat 
method of unravelling the vector distribution by this technique (see also 


Pepinsky*). 
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It is clearly a technique with great possibilities, but the experimental 
problems of very accurate intensity measurements for a large number of 


reflections remain, a point which was made earlier. 


CONCLUSION 

I have attempted to indicate the peculiar advantages of this technique 
in the natural product field, in that it is not dependent on a mass of associated 
chemical evidence but is based on a few well-founded principles. Thus it 
would appear that the réle of the X-ray diffraction method may lic, not in 
confirming fairly well-defined or worked-over structures, but rather in 


entering the field at an early stage—before the bone has been well chewed— 


and deriving the structure rapidly. To have on hand even partial chemical 


Figure 17. The molecular structure of thelepogine methiodide determined by X-rays. 
Ihe clectron-density distribution projected down the 6 axis (13-0 A) is shown with line 
diagrams of the two symmetry-related molecular skeletons superimposed. The N and O 
atoms are indicated and the double bonds deduced from the detailed stereochemistry marked 
in the line diagram 


information may give false confidence in steps and decisions which may 
later be found invalid—they will be corrected, but with expenditure of 
time and effort. It has appeared to us important to show that it is possible 
to work without supporting information. This was the main theme in our 
earlier work on lanostenol** and cryptopleurine®, but in the analysis which 
we have just completed we have come nearest to the ideal conditions which 
we postulated. I will not give much detail, as these are to be given later, 
but indicate only the starting point and the end result. 

The alkaloid thelepogine’*, from a grass, was available only in very small 
amount. A microanalysis of the alkaloid and of its methiodide (now 
regarded as C,,H,,ONI) were available, together with an estimation 
indicating only one C—CHy, group. The X-ray analysis of the methiodide 
was begun towards the end of last year, and the result so far is shown in 
Figure 17. The molecular skeleton has been located, the N and O differen- 
tiated and the bond lengths and angles sufficiently well-defined to determine 
the location of double-bonds and the most probable disposition of the 
hydrogen atoms. Not only are the configurations of the six asymmetric 
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centres in the molecule placed on a relative basis, but the absolute con- 
figuration shown in Figure 17 has been defined by the use of the anomalous 


dispersion of the I atom to the CuK, radiation used in the analysis. One 


point which was unexpected and may be of chemical interest is the existence 


within the molecular skeleton of a pyrrolizidine ring system which has the 


same absolute configuration as found in jacobine bromohydrin. 


The deduction from the evidence which we have presented is that, in the 


range of molecules up to 100 atoms (excluding H), and probably beyond, 


the structure can be solved in a time which compares favourably with other 


physical methods, provided that certain preliminary conditions are satisfied 


and a computer of reasonable storage and speed is available. Nor need 


this work necessarily involve a large team—the three analvses. of himbacine 


hydrobromide!*, jacobine bromohvdrin2?! and thelepogine methiodide™, 


some details of which I have used to illustrate various points, were initiated 


and solved in a period of less than two years. Because of the mass of detail 


required for an analysis and the extensive data derived from the work, 


} 


ever, it is important to use this technique for compounds either of great 
1 


significance in themselves or those which provide a structural key to a group 
of compounds. 


my colleague, Mr 7. Fridrichsons, for his > 
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expr here; to Drs J. R. Price, W. D. Crow and ¢ . C. J. Culvenor of Melbourne, 
nd Drs E. Ritchie and W. C. Taylor of Syd ey, for, without their willing and 
rou -operation (a) in allowing us to tackle pr blems which they might well have 

re to retain for their personal study, and (b) in providing excellent crystals of the 
rwatives, we would not have had such interesting compounds to work on: and 
the invalual -operation of the respective staffs the electroni computers 


SILLIAC ( Univers ty of Sydney) and UTE OM (University of New South Wales 


References 


H. R. Barton, E. J. Corey, O. Jeger, L. Caglioti, S. Dev. P. G Ferrini, 
E. R. Glazier, A. Melera, 8S. K. Pra ihan, K. Schaffner, S. Sternhell. J. F lempleton 
and S. Tobinaga. Experientia, 16, 41 (1960 

-D. Cr Inn. Rev. Biochem., 1948, 115 


Lobertsor ird Henderson Memorial Lecture, Royal Institute of Chemistry 
Lectures, Monographs and Reports, No. 6 (1954 


* A. McL. Mathieson. Revs. Pure and Appl. Chem. (Australia), $, 113 (1955 
R. Pepinsh Record Chem. Progr. (Kresge-Hooker Sci. Lib.) 17. 145 (1956 
* H. Lipson and W. ¢ chrat The Cr tlline State, Vol. 3, Bell & Sons, London (1953 


London), 1956, 275 


J. Pickworth, J. H. Robertson and J. G. White. 


J. Fridrichsons and A. McL. Mathieson. 7. Am. Chem. Soc., 80, 4739 


rutz, M. G. Rossman, A. F. Cullis, H. Muirhead, G. Will and A. ( I’. North. 
J. C. Kendrew, R. E. Dickerson, B. Strandberg. R. G. Hart, D. R. Davies, D. C. Phillips 
and V. C. Shore Vature, 185. 422 (1960 

icta Cryst., 6, 142 (1953 

icta Cryst., 9, 804 


1956 


530 


‘ 
: 
. . 
wish express crateful thanks 
: 
D. F. Gra icta , 10, 498 (195 
Nat 174. 4 (1954 
*A. F. B har 
19 


DIRECT DETERMINATION OF MOLECULAR STRUCTURES 


4G. A. Sim. Acta Cryst., 10, 177, 536 (1957) 

18 J. Fridrichsons and A. McL. Mathieson. Rev. Sci. Instr., 29, 784 (1958) 

6 J. H. Robertson. 7. Sci. Instr., 37, 41 (1960 

17 A. Taylor. J. Sci. Instr. and Phys. in Ind., 26, 225 (1949 
D. A. Davies, A. McL. Mathieson and G. M. Stiff. Rev. Sci. Instr., 30, 488 (1959) 

‘8 J. Fridrichsons and A. McL. Mathieson. Acta Cryst., in the press 

*® D. C. Hodgkin, J. Kamper, J. Lindsey, M. MacKay, J. Pickworth, J. H. Robertson, 
C. B. Shoemaker, J. G. White, R. J. Prosen and K. N. Trueblood. Proc. Roy. Soc. 
(London), 242A, 228 (1957 

* D. C. Hodgkin, J. Pickworth, J. H. Robertson, R. J. Prosen, R. A. Sparks and K. N. 
Trueblood. Proc. Roy. Soc. (London), 251A, 306 (1959 

#1 J. Fridrichsons, A. McL. Mathieson and D. J. Sutor. Tetrahedron Letters, No. 23, 35 
(1960 

22,W.L. Bond. Acta Cryst., 8, 741 (1955) 
U. W. Arndt and D. C. Phillips. Brit. Pat. Application No. 31197/57 (October 
A. McL. Mathieson. Acta Cryst., 11, 433 (1958 
E. Prince and S. C. Abrahams. Rev. Sci. Instr., 90, 581 (1959) 
F. Langdon and B. D. Frazer. Rev. Sci. Instr., 30, 997 (1959 
J. Ladell and K. Lowitzsch. Acta Cryst., 13, 205 (1960 

23 A. L. Patterson. Z. Arist., 90, 517 (1935 

24 F. M. Lovell, R. Pepinsky and A. J. C. Wilson. Tetrahedron Letters, No. 4, 1 (1959) 

** C. H. Carlisle and D. Crowfoot. Proc. Roy. Soc. (London), 184A, 64 (1945) 

26S. Arnott, A. W. Davie, J. M. Robertson, G. A. Sim and D. G. Watson. Experientia, 
16, 49 (1960 

27'S. Abrahamsson, D. C. Hodgkin and E. N. Maslen. To be published 

2° R. L. M. Synge and E. P. White. Chem. & Ind. (London), 1959, 1546 

* D. C. Hodgkin, M. J. Kamper, K. N. Trueblood and J. G. White. Z. Arist., 113, 30 

1960 

* J. Fridrichsons and A. McL. Mathieson. Tetrahedron Letters, No. 26, 18 (1960) 

31M. J. Buerger. Acta Cryst., 3, 87 (1950 
M. J. Buerger. Acta Cryst., 4, 531 (1951 

32.2—D. M. Wrinch. Phil. Mag., 27, 98 (1939 

33 ©, A. Beevers and J. H. Robertson. Acta Cryst., 3, 164 (1950 

34 J. Clastre and R. Gay. Compt. rend., 230, 1976 (1950 
J. Clastre and R. Gay. 7. phys. radium, 11, 75 (1950 

35 J. Garrido. Compt. rend., 231, 297 (1950 

%* M. J. Buerger. Vector Space, Wiley, New York (1959 

37D. McLachlan and I. D. Thomas. Acta Cryst., 5, 301 (1952 

35 C. A. Beevers and J. H. Robertson. Acta Cryst., 4, 270 (1951 

*° M. Przybylska and L. Marion. Can. 7. Chem., 35, 1075 (1957 
M. Przybylska and F. R. Ahmed. Acta Cryst., 11, 718 (1958) 

© M. Przybylska and L. Marion. Can. 7. Chem., 37, 1116 (1959) 

‘1 W. Nowacki and G. F. Bonsma. Z. Arist., 110, 89 (1958 

* R. A. Jacobson, J. A. Wunderlich and W. N. Lipscomb. Nature, 184, 1719 (1959) 

#8G. A. Sim. Acta Cryst., 12, 813 (1959 

#4 J. M. Robertson and I. Woodward. 7. Chem. Soc., 1940, 36 

J. D. Dunitz. 7. Am. Chem. Soc., 74, 995 (1952 

6 PD. C. Hodgkin, M. S. Webster and J. D. Dunitz. Chem. & Ind. (London), 1957, 1148 

‘7 M. G. Rossman and W. N. Lipscomb. Tetrahedron, 4, 275 (1958) 

48 J. F. D. Mills and S. C. Nyburg. 7. Chem. Soc., 1960, 1458 
J. F. D. Mills and S. C. Nyburg. Tetrahedron Letters, No. 11, 1 (1959) 

** S. Hirokawa, Y. Okaya, F. M. Lovell and R. Pepinsky. Z. Arist., 112, 439 (1959) 

*° T, A. Hamor, J. M. Robertson, H. N. Shrivastava and T. V. Silverton. Proc. Chem. 
Soc., 1960, 78 

51 J. Nitta, H. Watase and Y. Tomiie. Nature, 181, 761 (1958 
H. Watase and I. Nitta. Bull. Chem. Soc. Japan, 30, 889 (1957) 
H. Watase. Bull. Chem. Soc. Japan, 31, 932 (1958 

52 T. A. Geissman. Australian J. Chem., 12, 247 (1959) 

58D. Crowfoot, C. W. Bunn, B. W. Rogers-Low and A. Turner-Jones. A Chemistry of 
Penicillin, p. 310, Princeton University Press (1949) 


531 


fi 
; 
be, 
ope 


A. McL. 


MATHIESON 


** J.C. Taylor. To be published 
*® J. Fridrichsons and A. McL. Mathieson. 

J. Fridrichsons and A. McL. Mathieson. 
* C. K. Bradsher and H. Berger. 
5? P. Marchini and B. Belleau. 
** F. R. Ahmed, W. H. Barnes and G. Kartha. 


J. Am. Chem. So 
Can. 7. Chem., 36, 


581 (1958 
Chem. & Ind. 


Nature, 173, 732 (1954 
Acta Cryst., 8, 761 (1955 
, 80, 930 (1958 


London) 1959, 485 


W. Cochran icta Cryst., 4, 408 (1951 
** B. Dawson. To be published 
*' D. Koster, K. S. Knol and J. A. Prins. QR. Physik, 63, 345 (1930 
*? J. M. Bijvoet, A. F. Peerdeman and A J. van Bommel. Nature, 168, 271 (1951) 
W. Peterson Vature, 176, 395 (1955 
** A. F. Peerdeman. Acta Cryst., 9, 824 (1956 
** M. Przybylska and L. Marion. Can. 7. Chem., 37, 1843 (1959 
** M. Przybylska and L. Marion. Can 7. Chem., 34, 185 (1956 
*? A. McL. Mathieson. Acta Cryst., 9, 317 (1956 
** R. Hine and D. Rogers. Chem. & Ind. (London). 1956, 1428 
* R. S. Cahn, C. K. Ingold and V. Pre log. Experientia, 12, 81 (1956 
© R. Srinivasan. Proc. Indian Acad. Sci.. 50. 19 (1959 
7! Y. Okaya, Y. Saito and R Pepinsky. Phys. Rev., 98, 1857 (1955 
** R. G. Curtis, J. Fridrichsons and A. McL. Mathieson. Nature. 170, 321 (1952 
J. Fridrichsons and A. McL. Mathieson. 7. Chem. Soc., 1959. 2159 
W. D. Crow lo be published 
** E. W. Wiebanga and C. J. Krom. Rec. trav. chim., 65. 663 (1946 
D. C. Phillips icta Cryst., 7, 159 (1954 
** J. S. Clunie and J. M. Robertson. Proc. Chem. So , 1960, 82 
* J. L. de Vries and R. Pepinsky Vature, 168. 431 (1951 
** A. W. Hanson and F. R. Ahmed icta Cryst., 11, 669 (1958 
* D. W. Smits and R. Pepinsky icta Cryst., 7, 653 (1954 
** P. Horn and V. Luzzati Vature, 183, 880 (1959 
*! H. Birki and W. Nowacki Arist., 108, 206 (1956 
*? M. G. Rossman and W. N Lipscomb Tetrahedron, 4, 275 (1958 
** W. Hoppe and G. Will Arist., 113, 104 (1960 
“* D. C. Hodgkin and D. Savre 7. Chem. Soc., 1952, 4561 
H. Mendel. Proc. Koninkl. tkad. Wetenschap., 58B, 132 (1955 
** C. Bokhoven, J. C. Schoone and J. M. Bijvoet icta Cryst., 4, 275 (1951 
*? H. A. McKinstry, P. E. Eiland and R Pepinsky icta Cryst., 5, 285 (1952 
. ** Y. Sasada and I. Nitta icta Cryst., 9, 205 (1956 
** J. W. Wisser, J. Manassen and J. L. de Vries icta Cryst., 7, 288 (1954 
*’ R. B. Campbell and J. M. Robertson. Chem. & hh London), 1952, 1266 
93 H a | anal and W.N I Ips mb letr thedr n. 6. 103 1959 
*2 F. Jellinek. Acta Cryst., 10, 277 (1957 
*2W. Traub Vature, 178, 649 (1956 
** J. M. Robertson and G. Todd. Chem. & Ind. (London). 1953, 437 
* R. H. Moffett and D. Rogers. Chem. & Ind. (London). 1953, 916 
* W. B. Wright icta Cryst., 11, 632 (1958 
** M. MacKay and D. C. Hodgkin. 7. Chem. Soc.. 1955. 3261 
** J]. M. Lindsey and W. H. Barnes icta Cryst., 8, 227 (1955 
” J. L. de Vries, M. V. King and R. Pepinsky. Acta Cryst. 5, 437 (1952 
1° A. M. Abd El Rahim and C. H. Carlis! Chem. & Ind. (London), 1954, 279 
t! J. D. Dunitz. Nature, 169, 1087 (1952 
2 M. Przybylska and W. H. Barnes. Acta Cryst., 6, 377 (1953 


| | 
| | 
LJ 
| 
| 
| 
4 
— 


TERPENIC COMPOUNDS WITH 
MEDIUM-SIZED RINGS 


F. Sorm 


Czechoslovak Academy of Science, Institute of Organic Chemistry and Biochemistry, 
Prague, Czechoslovakia 


The study of all aspects of living matter is a constant source of information 
and stimulation of the greatest theoretical and practical importance. The 
very origins of organic chemistry are rooted in a desire for knowledge of 
the composition of living bodies and the products of their metabolism, and, 
ever since the birth of our science, the study of natural products has always 
remained one of its important concerns. The investigation of plant con- 
stituents has been of particular significance for the development of organic 
chemistry; it should be borne in mind that the plant kingdom accounts for 
much the greatest part of living matter on our earth—more than 99-9 per 
cent, in fact! Moreover, plants not only produce all the types of compounds 
found in the animal kingdom but also a number of special groups of organic 
substances, especially terpenoids, alkaloids, and glycosides. The varied 
chemical structure of the numerous, genetically related compounds of these 
groups, and the biological activity and practical importance of many of 
them have ever invited their closer investigation, and it may be said fairly 
that the systematic researches in these fields have contributed greatly to the 
finest traditions of organic chemistry, and to the present extent and variety 
of this science. 

In my opinion, it is the work on terpenes and steroids which was of the 
greatest importance in the development and shaping of organic chemistry. 
On the one hand, there is the classical unity of each of these groups, given 
by their simple composition, limited to the three basic organogenic elements, 
and by the uniformity of rules governing their structure; on the other hand, 
we have the great structural diversity and ubiquity of occurrence—it is 
these features which have made the terpene and steroid field an arena in 
which many minds active in our science have tried their strength. It was 
in research on substances of these two groups that the principal methods of 


structural analysis of organic compounds were devised and put to the test, 
especially the methods of controlled degradation; at the same time, it 
provided a powerful stimulus to the development of synthetic methods. 
Studies on the alicyclic terpenes, and on the whole steroid group, have 


been the source of our present ideas on the spatial structure of organic 
compounds. The whole of chemistry has profited from the valuable 
techniques developed in these fields for the isolation of individual substances 
from complex mixtures, their characterization and identification by physical 
constants. Let me recall particularly the determination of relations 
between chemical structure and physical properties, especially spectroscopic 
properties, which form such an essential part of organic chemistry today. 
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I must confess to a great love for these two groups of natural substances. 
In today’s talk I should like to review for you some results from the chemistry 
of the sesquiterpenes—a group of terpenoids which has only been studied in 
detail rather recently. Today, we know this group to be varied and rich 
in structural types; this is clearly illustrated by Figure 1, which shows the 
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carbon skeletons known at present to occur in sesquiterpenes. The formulae 


with names | ted wv show structures which have been detected o1 
esta ed within the \cars the otners are older The 
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Ihe size of the list in Figure ] shows clearly why it is impossible within 
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(1) (11) (111) 


Ruzicka Treibs Rydon 


Figure 2 


sesquiterpene chemistry; and, with your permission, I should like, therefore, 
to confine myself to a discussion of compounds known to contain medium- 
sized rings—I have in mind nine-, ten- and eleven-membered carbon rings. 


The discovery of such rings in common plant constituents was somewhat 
surprising, since until recently the existence of larger carbon rings had been 
established in Nature only in the macrocyclic fragrant ketones, and these, 
moreover, were products of animal metabolism. The difficulty of access 
by synthetic means to alicyclic compounds with medium-sized rings (which 
has only fairly recently been overcome by use of the acyloin condensation 


as well as certain theoretical considerations concerned with their steric 


properties, only tended to confirm the view that compounds of this type 
were purely products of human thought and human labour. 


The first proof of the occurrence of a medium-sized alicyclic ring in 
Nature was obtained in our Laboratory in 1949 in the course of our studies 
on caryophyllene!, 


Probably more work had been devoted to the elucidation of the structure 


of this compound than to any single other in sesquiterpene chemistry. It 
had been known for a long time that caryophyllene was a bicyclic hydro- 
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carbon contaming two double bonds and a characteristix four-membered 


ring carrving m-methy! groups. Originally, it had been our aim to 
decade between the three structures (I proposed by Ruzicka, and (II), 


pi by lreibs and proposed by Rydon? Figure Z As our 


Marting-point, we chose the readily accessible oxido-ketone described by 
Ireibs | Fiew Greatly to our surprise the infra-red absorption spectrum 
of thes con d showed a carbony! irequem typical lor a ketoni group 
situated on a medium-sized ring lo obtain further information about the 
size of the second rine. we carried out a degradation of this rine in dihydro- 
caryophylles side by unambiguous steps involving the loss of two carbon 
atoms, one of them from the ring. Cyclization of the resulting dicarboxylic 
acid gave a ketone with a ring smaller by two members than the original 
OH 


Q 
i HOOC 


HOOC 


Figure 4 


ring This ketone still had an abnormally low carbonvl absorption in the 
nfra-red (1705 cm corresponding to the presence of a seven-membered 
or, less probably, of a six-membered ring. Since tetrahydrocaryophyllene 
itseli did not exhibit the infra-red absorption ot an ethyl group, which is 
normally casily distinguished in saturated hydrocarbons and which would 
be exper ted to occur if the second ring were cight-membered we considered 
the reaction sequence I have described to prove the presence of a nine- 
membered ring in caryophyllenc The C, ,-ketone obtained in this degrada- 
tion, and later prepared by partial synthesis’, accordingly contained a seven- 
membered ring. I have discussed these reactions, by which the occurrence 
ol a medium-sized ring in Nature was for the first time established. in some 


detail, since this work has often been reported as if we had based our con- 
clusion, concerning the presence ol a nine-membered ring, tentatively on 
the carbonyl frequency of Treibs’ oxido-ketone alone. 

Our degradative experiments permitted four formulations for caryophyl- 


iminated on consideration of the structure 


lene. Iwo of these could be « 
of homocaryophyllenic acid, an oxidation product of caryophyllene, as 
determined by Dawson and Ramage‘. The carbon skeleton of caryophyl- 
lene was further confirmed by our partial synthesis of tetrahydro« aryophyl- 
lene*. The final decision between the remaining two formulac. differing 
in the position of the double bonds, and information about the stereo- 


chemistry of caryophyllene followed from the elegant work*® of Barton, which 
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established the structure shown in Figure 4. The evidence was based first 
on the alkaline cyclization of Treibs’ oxido-ketone to a tricyclic keto-alcohol 
and the further oxidation of this compound to the dicarboxylic acid. The 


annelation of the two rings is trans- and the double bond also has the trans- 


configuration in caryophyllene, but has the cis-configuration in the isomeric 
wsocaryophylicne. 


Recently, we have once more encountered the caryophyllene skeleton in 
two sesquiterpenic alcohols, the betulenols, isolated from the oil of birch 


buds (Figure 5)’. Treibs had already suggested some time ago that these 
compounds were related to caryophyllene. a-Betulenol is a bicyclic alcohol 


with two double bonds. Hydrogenation yields the saturated alcohol 


+f 


-Betuleno! ¢ Caryophyllane 


f-Betuleno| 


Caryophyllenoxide 


gure 


together with a hydrocarbon which has an infra-red absorption spectrum 
fully identical with that of tetrahydrocaryophyllene. This clearly demon- 


strates that a-betulenol belongs to the caryophyllane series. Oxidation of 
tetrahydrobetulenol with chromic acid gave a ketone which proved to be 


identical with a compound obtained from caryophyllene monoxide by an 
unambiguous reaction sequence; this establishes the position of the hydroxy! 
group. The crystalline 8-betulenol is isomeric with a-betulenol, and the 
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chemical reactions and physical constants permitted us to allot the structure 
shown in Figure 5 to this alcohol. 

The hydrocarbon humulene was a further compound in which we were 
able to establish the presence of a medium-sized ring—in this case, an 
cleven-membered ring. Humulene is monocyclic and has three double 
bonds. Its structure was tentatively derived by us* and, shortly afterwards, 
by Clemo and his co-workers* from the fact that on oxidation it gives, in 
addition to a,a-dimethylsuccinic acid, only formaldehyde and acetic acid, 
and no higher monofunctional degradation products. A proper confirma- 
tion of the suggested skeleton was given by our total synthesis of hexa- 
hydrohumulene”™. 

[he position of the double bonds in humulene remained unsettled for 
some time. We first suggested the arrangement shown in Figure 6 (a) on 


(oa) (b) 
-Humulene ce ~Humulene 


Figure 


the basis of the ozonisation products and physical constants, especially the 
infra-red absorption at 890 cm~! characteristic of vinylidene-type double 
bonds. Recently, Sutherland'! and, independently, Dev'? have come to 
the conclusion that pure humulene contains no exocyclic double bond and 
that the structure must be modified as shown in Figure 6 (b). For this 
reason, we have recently returned to the study of humulene, after we had 
obtained a good supply of the hydrocarbon from the essential oil of the 
leaves of Lindera strychnifolia. Fractionation on a highly efficient column 
showed that with rising boiling-point there was a slight decrease in the 
content of exocyclic methylene groups. The highest content of exomethy- 
lene groups found was 0-36 per mole. When the distillation fractions were 
purified by Sutherland’s method through the silver nitrate adduct, the 
resulting humulene contained only traces of exocyclic methylene; however, 
when the purified hydrocarbon was percolated through active alumina, 
material with a very high vinylidene content, about 83 mole per cent, was 
obtained. This material no longer forms a crystalline adduct with silver 
nitrate. ‘Therefore, we conclude that the natural material contains two 


humulenes, which we call a- and 8-humulene, in variable proportions. 


The a-isomer, without the exocyclic double bond, forms an adduct with 


= 
cre, 
: 
‘ 
igure 
bi 
= 
: 
| J 
\ 
: 
zerumbone 
> 
38 
= 


TERPENIC COMPOUNDS WITH MEDIUM-SIZED RINGS 


silver nitrate, while the more stable 8-humulene, which contains the exocyclic 
methylene group, forms no such adduct!’, 

Some time ago, Bhattacharyya!‘ and, independently, Dev'® found that 
the sesquiterpene ketone zerumbone (Figure 7) also has the humulane skele- 
ton; the chief evidence was again identification of the corresponding hydro- 
carbon with hexahydrohumulene by infra-red spectroscopy. 

Sesquiterpenes containing a ten-membered carbon ring, especially 
oxygenated compounds, seem to be frequent products of plant metabolism, 
particularly in the Compositae. As I hope to show later, they are probably 
of some importance in the biogenesis of some other, bicyclic sesquiterpenes. 

The first natural product for which a ten-membered ring structure was 
proposed was the lactone, pyrethrosine’*®, However, the first compound in 
which such a ring was definitely established was the ketone germacrone, the 
chief component of Bulgarian zdravets oil’. I think it will be instructive 
to recall the history of this interesting compound. It had been known for 


Elemane ) Pyrolysis Germacrol 
( Treibs) 


= 


* 


Selinane Germacrone 


Cadalene 


Guaiazulene 


Germacrane 
Figure 8 


some time under the name germacrol, and studied in some detail by Treibs, 
who also proposed the first formula for it (Figure 8)'*; as you see, he regarded 
it as a cyclic ether with a guaiane skeleton. When we set out to check this 
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structure, in co-operation with our Bulgarian colleagues, we found im- 
mediately, from the infra-red absorption spectrum, that we were dealing, 
not with an epoxide, but with a monocyclic unsaturated ketone. However, 
when we tried to hydrogenate or dehydrogenate germacrone (as we re- 
named it) we obtained surprising and contradictory results. After hydro- 
genation of germacrone (and germacrol) over platinum in acetic acid we 
isolated two hydrocarbons, both formed by hydrogenolysis. One was 
identified as monocyclic elemane by its infra-red absorption spectrum; the 
second was similarly identified as bicyclic selinane. Further, reduction of 
germacrone with aluminium isopropoxide or lithium aluminium hydride 
gave an alcohol, “ germacrol ”’, which was converted back into crystalline 
germacrone by oxidation, and, on dehydration, gave a mixture of hydro- 
carbons which yielded considerable amounts of guaiazulene on dehydro- 


genation. Furthermore, it had already been shown previously that ger- 
macrone yields cadalene on dehydrogenation under fairly drastic conditions. 
We see, then, that under various conditions, germacrone or its derivatives 


can be converted into derivatives of no less than four sesquiterpene types; 


of these, only the elemane-type corresponded to the presumed monocyclic 
nature of germacrone. Since it was difficult to visualize the formation of 
the other three types of skeletons from a compound based on the elemane 
skeleton, we concluded that germacrone was in fact derived from none of 
the four sesquiterpene types. We were able to confirm this as follows. 
Germacrone was first partially hydrogenated in ethanol (to prevent any 
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acid-catalysed cyclization reactions), and then further reduced in several 
steps. In this way we obtained a saturated alcohol—hexahydrogermacrol— 
and a hydrocarbon, whose infra-red absorption spectrum showed it to 
belong to a new sesquiterpene-type. We have called this the germacrane- 
type. All the reactions I have spoken of can be interpreted without 
difficulty if we assume that germacrone contains a ten-membered ring. 

The location of the double bonds in germacrone proved somewhat 
difficult, especially because of its anomalous infra-red and ultra-violet 
absorption spectra. This difficulty even led to speculation on alternative 
formulae for germacrone. A structure based on the maaliane skeleton was 
suggested by Ohloff™. In fact, the explanation of the anomalous spectral 
properties of germacrone and some other ten-membered ring compounds 
such as costunolide lies elsewhere, as I hope to show later. Very recently, 
we have been able to fix the position of the double bonds in germacrone. 
Definite proof of the skeleton of germacrone was obtained by the total syn- 
thesis of germacrane™, 


Pyrethrosin 
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The reactions by which germacrone passes into compounds with other 

carbon skeletons are also readily interpreted on the basis of its structure 
Figure 9). The transition into the elemane series is especially remark- 
able*!. 2, Mere heating converts germacrone to the so-called §-elemenone. 
The position of the double bonds in germacrone is favourable for just this 
sort of reaction. 

The conversions of germacrone into products of other sesquiterpene types, 
particularly of the selinane series, by hydrogenation and dehydrogenation 
can be interpreted as transannular cyclization reactions, and, as we shall 
see, such reactions have been encountered in a number of other cases. 


Some years ago, the discovery of the guaianolides. a new group of sesqui- 


terpene lactones somewhat similar to the santonin group but containing a 
guaiane skeleton, prompted us to undertake a detailed examination of the 
sesquiterpene lactones of the Compositae, and this search revealed a number 
of further compounds with ten-membered rings. 

\s I have already mentioned, Barton published his first paper on pyre- 
throsin’*, a lactone from Chrysanthemum cinerariaefolium, early in 1957. a few 
months before our publication on germacrone appeared (Figure 10). A key 

nt in the structure determination proved to be an attempt at 
on in acid solution which led to opening of the oxide ring, and 


a bicyclic product named cy¢ lopyrethrosin. The skeleton of 


vas established by its conversion into an unsaturated diketo- 


ild be correlated with an oxidation product of pseudo-san- 


y, further studies on the reactions of cyclopyrethrosin and 
yperties of various derivatives have enabled Barton to 
icture of pyrethrosin and its cyclization product, and, in 

nine the configurations at most of the asymmetric centres?23. 
investigations on the lactone ari tiopicrin, the bitter principle 


us, we found that the molecular formula?’ which had been 


Deoxotetrahydro- 
artermsin 


g. and that we were in fact dealing with 
monocvcli sesqulterpen hydro- 

derived by its relation to the 

rin in acid solution, followed by 


which proved to be identical with 


authors Rao, Kelkar, and Bhattacharvva?’ 
which they have called costunolide. from 
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Costunolide 


H2(AcOH,HCIO, ) 


Santanolide C 


Santanolide A 


Figure 12 


Balchanolide 
H) 


—CO 
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Arctiopicrin 
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Bs 
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double bonds were located by oxidative degradation and, in the case of 
balchanolide, by transannular cyclization. Balchanolide can be cyclized 
under acid conditions in the usual way, or merely by heating it to about 


170°. Hydrogenation of the product gave the same deoxotetrahydro- 


artemisin as we had already encountered in our work on arctiopicrin. 
The constitution and configuration of isobalchanolide were confirmed by 


correlation with compounds derived from arctiopicrin. Oxidation of the 


hydroxyl group of tetrahydroisobalchanolide gave two *isomeri keto- 


lactones identical with products we had earlier obtained from arctiopi rin 
andenicin. The detailed relation between balchanolide and isobalchanolide 


and their full stereochemistry remains to be settled. 
The third crystalline lactone from Artemisia balchanorum is related to 


balchanolide— it is 1 1-hydroxybalchanolide. 


CH,OH 


Arctiopicrin 


HO'H,C 0 co 
CH,0OH 


Cricin 


Figure 15 


Recently we have found that a lactone isolated from the common milfoil 
Achillea millefolium) is closely related to balchanolide**. It is the acetate 
of a doubly unsaturated hydroxy-lactone (Figure 1/4). Oxidation of the 
tetrahydro-derivative of the parent lactone obtained by hydrolysis led once 
more to the familar keto-lactone first prepared from arctiopicrin and cnicin. 
[his suggested that our new lactone might be acetylbalchanolide; and, in 
fact, this was confirmed by a direct comparison of this compound with 


acetylated authentic balchanolide. 

Another compound based on the germacrane skeleton is the bitter 
principle of Cnicus benedictus, a substance which has been known for more 
than a century, but again formulated erroneously until recently. We have 
shown that this compound, cnicin, is a monocyclic sesquiterpene hydroxy- 
lactone esterified with a rather uncommon carboxylic acid—1,4-dihydroxy- 
but-2-ene-2-carboxylic acid. The parent lactone has two hydroxyl groups 
and two double bonds, one of them in conjugation with the lactone carbonyl 
group (Figure 15). Oxidation of the monohydroxylactone resulting from 
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hydrogenolysis and hydrolysis once more gave our well-known keto-lactone, 
and this establishes the position of the secondar\ hydroxyl group; the ready 
hydrogenolysis of the primary hydroxyl in« identally locates it in the allyl 
position to one of the double bonds, and, since some methylethylacetic acid 
is also split off hydrogenolytically, the esterified hydroxyl group also appears 
to be next to a double bond. These facts make it likely that cnicin has the 
structure a, or, less probably, 53. 34, 

Yet another compound of the germacrane group was found in partheno- 
lide, a lactone isolated in ou laboratories from ( hrysanthemum parthenium®, 
Parthenolide contains two double bonds, one of them conjugated with the 
carbonyl group, and a third oxygen atom present as an ether bridge 
Figure 16). 

I should now like to come back to some of the special features of these 
ten-membered ring compounds. The great ease with which unsaturated 
derivatives of germac rane undergo stereospecific transannular cyclization, 
most generally to compounds with a selinane skeleton that is, in the case 
of the lactones, into relatives of santonin—suggests a biogenetic significance 
of such reactions. It appears likely that the cyclodec ane-type lactones are 
the primary products in Nature. and that lactones of the santonin and 
guaianolide series are formed from them by secondary processes analogous 
to the stereospecific transannular reac tions. A further pointer in the same 
direction is the irequent occurrence of lactones of the germacrane series in 
the Compositae in which santonin derivatives commonly occur. Within a 
brief space of time. nine close ly-related lactones of the germacrane-type have 
been isolated from plants of this Family, and fully characterized. None- 


theless, actual proof of the occurrence of such cyclization reactions in 


Nature is still lacking. 


0 
Parthenolide 


Figure 16 
Some of the unusual reactions observed with medium-sized ring com- 
pounds, especially the ready transannular cyclizations of the cv lodecane 
derivatives, are without doubt the result of specific steric conditions in these 
compounds. The same cause lies at the root of the spectroscopic anomalies 
which have been noted with some compounds of this series, and whic h 
have a precedent in the anomalous spectrum of cyclodecenone recorded by 
Leonard™, I should like to disc uss this point in a little more detail. 
Germacrone (Figure &) shows three maxima in the ultra-violet absorption 
spectrum at 213, 240, and 315 mu. The second and third may be allotted 
to the unsaturated ketone grouping; but the short-wave maximum is 
difficult to interpret on the basis of the « lassical relations between struc tural 
and spectral properties. The same maximum is also found in the alcohol, 
germacrol, and in a number of the natural unsaturated lactones such as 
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costunolide, balchanolide, isobalchanolide and acetylbalchanolide. There- 
fore, this feature is not bound up with the carbonyl group of germacrone, 
but is evidently related to the character of the two endocyclic double bonds 
in the cyclodecane ring. 

The anomalies in the ultra-violet absorption spectra of the cyclodecadiene 
derivatives I have discussed suggested to us the possibility of 


non-classical 
interactions of the endocyclic double bonds, which might well be expected 
to affect the spectra. Therefore, we asked Dr Koutecky, of the Institute 
of Physical Chemistry of our Academy, to verify this possibility by the 
appropriate quantum-mechanical calculations. From a consideration of 
models, Dr Koutecky and his co-workers, Dr Zahradnik and Dr Paldus, 
concluded that in all three geometrical isomers of cyclodeca-! ,5-diene— 
that is, the cis,cis-, cis,trans-, and trans,trans-isomers—conformations could be 
set up in which the double bonds were roughly parallel. Figure 17 shows 


(VII) 
Figure 17. 
Broken lines: distances between non-bonded atoms (Bij = 0)) 


the four spatial arrangements of the relevant four carbon atoms of the 
cyclodecadiene molecule for which calculations were made, together with 
ethylene and cis- and trans-butadiene. The energies of transition from the 
highest occupied to the lowest vacant energy level were calculated by a self- 
consistent molecular orbital method; the results for ethylene and cis- and 
trans-butadiene were used to check the suitability of the chosen parameters. 
As Table 1 shows that the delocalization energies for three of the models 
are negligible, and only for model (V), with a decreased f,, integral, is its 
value appreciable. Table J also shows the results of calculations of the 
absorption frequencies in Clar’s classification. From our point of view, the 
most important is the highest wavelength singlet p-band. The calculated 
values for ethylene and the butadienes are in good agreement with experi- 
mental values; all the cyclodecadiene models considered show a relatively 
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Table 1, Delocalization energy and frequency of singlet p-bands 


for models (1)—(VII) 


Model Delocalization energy p* 
kcal/mol 


I 


I] 13-2 18 (239 
12-2 39 (230 
I\ 0-6 4-47 (277 
\ (218 
VI 0-2 65 (219 
Vil 


* Frequencies in eV; for singlet p-bands also in my (in brackets). 


marked interaction, and in particular, models (V) and (VI) give values 


for the singlet p-band very close to the observed absorption maxima of 


germacrone, costunolide and dihydrocostunolide. Therefore, the results of 


these calculations show that transannular interaction of the double bonds 


in our cyclodecadiene derivatives is not only theoretically possible, but in 
fact very probable. 


Now let us consider the infra-red absorption spectrum of germacrone. 


his shows the expected absorption associated with a conjugated carbonyl 


and trisubstituted double bonds; however, the spectra of ketones containing 


a tetrasubstituted double bond in conjugation with the carbonyl bond 


generally show a very strong maximum at about 1620 cm and this is 


absent from the absorption spectrum of germacrone. Originally, this fact 


led us, and later Ohloff, to consider the possibility that germacrone might 


contain a reactive cyclopropane ring; but it appears now that the true 


cause of this anomaly is very probably once more the specific geometry of 


the ten-membered ring in germacrone. An inspection of models shows 


that some conformations in particular force the carbon-oxygen double 


bond out of the plane of the tetrasubstituted ethylenic double bond, and this 


presumably leads to the observed change in the spectral properties. 


I have dealt with these spectroscopic anomalies in some detail because 


they show how the investigation of novel types of compounds can be com- 


plicated by lack of experience even when well-tried methods are used. 

On this note I should like to close my talk, in which I have tried briefly 
to recall the history of research on medium-sized ring terpenes, and to 
present some recent results from this field. 


I should like to mention the colleagues who were especially active in this work. 
They were Drs V. Herout, L. Doleji, M. Suchjy, M. Streibl, V. Farolim and 
M. Soucek. 
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SOME ASPECTS OF TERPENOID AND 
STEROID CHEMISTRY 


D. H. R. BARTON 


Chemistry Department, Imperial College of Science and Technology, 
London, U.K. 


The lactonic bitter principles comprise an important group of natural 
substances. If we exclude from consideration the coumarins, compounds 
which do not present great difficulties in structural elucidation, then there 
remains a large family of bitter principles whose biogenesis appears to be of 
the terpenoid (mevalonic acid) type. Compounds of this latter kind have 
presented challenging problems for generations, but it is only in the last 
decade that their constitutions have received serious attention. Because 
of the limited time available for this lecture, only work from our own group 
can be discussed. This does not, of course, mean that others have not 
also been making important contributions to the field. 

We may commence by listing some of the interesting constitutions that 
our group has studied during the last few years. First comes tenulin (1)', 
chiefly remarkable for the ease with which it rearranges under very mildly 
alkaline conditions (boiling London tap water!) into isotenulin (II), which 
has a true acetate grouping. Secondly, we may mention lactucin (III)*, a 
compound of alleged medicinal value, which has an interesting cross-con- 
jugated dienone system. Thirdly, comes geigerin (IV)*, a compound to 
which we shall make further reference later. Fourthly, let us consider 
pyrethrosin (V)*, of especial interest as it was the first sesquiterpenoid in 
which a ten-membered ring was shown to be present. This feature was 
recognized as being of biogenetic significance, a view which has been 
abundantly confirmed by later work®. These compounds contain sesquiter- 


penoid skeletons based directly upon a cyclized farnesol chain without re- 
arrangement of the carbon skeleton®. The diterpenoid derivative, columbin 
V1), the main bitter principle of Colombo root, is different in that the two 


methyl groups have, according to biogenetic hypothesis, been moved from 
their original positions in a skeleton as in (VII)’. 

These examples will serve to show the wide variety of functional groups 
that one finds in the lactonic bitter principles. The problems of structural 
elucidation are, in fact, as difficult as one wishes to make them. Perhaps 
we can illustrate this, as well as the interesting types of reaction that can 
be discovered incidentally to the investigations, by considering our recent 
work on the citrus bitter principles. Limonin is the characteristic bitter 
principle of citrus species occurring in all parts of the plant. The literature 
on this compound has been detailed in a recent paper*, and we shall cite 
here only those references espec ially pertinent to our own work. 

Our investigations on the constitution of limonin were initiated in Glasgow 
in 1956, and have been continued to the present time. From the outset, we 
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(Vill) 


ring D lactone. Finally, one methy! group must be migrated from C-14 to 
C-8. It is of interest that chromic acid oxidation of dihydrobutyrospermol 
acetate (X) furnishes the compound (XI)!* which has a 7-ketone group, an 
ethylenic linkage between C-14 and C-15 and a §-methyl group moved from 
C-l4 to C-8. It is attractive to suppose that an equivalent mechanism 


operates in the plant in the biogenesis of limonin. The numbering and 
lettering systems in limonin (VIII) follow directly from these biogenetic 
considerations, and are the same as in other tetracyclic triterpenoids"*. 

The absolute configuration of limonin. expected from the biogenetic 


arguments developed above, has been confirmed by the rotatory dispersion 
curve’® method®, the measurements being kindly made by Professor Klyne 
of the Postgraduate Medical School, London. 

Work published either before, or during, our own investigations had 
shown*.* that limonin contains two 6-lactone rings, which can be opened 
reversibly with alkali, a f-substituted furan residue, a ketonic oxygen 
present in a six-membered (or larger) ring, and two ethereal oxygen cycles. 
Hydrogenation of limonin gives tetrahydrolimonin, C,,H,,O,, and hexa- 
hydrolimoninic acid, C,y.H,O,. The furan ring is saturated in both 
compounds, and the acid is formed by hydrogenolysis of one of the lactone 
rings. There is good evidence*’ that this lactone cleavage is caused by 
having the alkyl oxygen of the lactone in the allylic relationship to the 
furan ring. An exactly comparable situation is found in columbin’. 
Hexahydrolimoninic acid is abnormally strong™, a fact which is con- 
veniently explained by attaching one of the ethereal oxygen atoms in the 
x-position. The part formula (XII) is thus established®. 
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The ketone group of limonin can be reduced stereospecifically by the 
Ponndorff—Meerwein procedure"’ to give the axial alcohol limonol ( (XIII): 
R OH; R’ H). On the other hand, reduction with borohydride or 
with sodium amalgam gives the equatorial epilimonol XIII): R H; 
R OH). We have converted epilimonol into its chloroacetate and thence 
into the iodoacetate ( (XIII): R =H; R’ = O-CO-CH,]). It is the 
latter compound which was used in the X-ray work of Robertson and his 


colleagues’. 
Ireatment of limonin with hydriodic acid gives first deoxylimonin, 
CogHggO, (XIV)**, and then citrolin, C,.H,.O, Further reference 


to these compounds is made below. 


(XV) 


The molecular formula of limonin, when coupled with knowledge of the 
functional groups, requires that the molecule be bicarbocylic. Since 
drastic degradation’® of limonin yields | ,2,5-trimethylnaphthalene, one can 
assume tentatively that the two carbocycles are both six-membered. 

We now develop our own arguments in support of the constitution (VIII). 
The formation of the a,8-unsaturated lactone deoxylimonin from the action 
of hydriodic acid on limonin suggests the presence of a | ,2-epoxide”™, 
Conjugation of this epoxide with the ring D lactone is shown by the fact 
that treatment of tetrahydrolimonin (XV) with hydrochloric—acetic acid 
mixture under controlled conditions gave iso-tetrahydrolimonin, an enolized 
x-keto-lactone XVI): R H), characterized as its acetate XVI 
R = Ac). The presence of the enolic system, established by a ferric reaction 
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and by spectroscopic data, was confirmed by ozonolysis followed by mild 
hydrolysis, a procedure which yielded oxalic acid. 

Treatment of tetrahydrolimonin with hydriodic acid under controlled 
conditions gave deoxytetrahydrolimonin (as (XIV , also prepared by 
selective hydrogenation of deoxylimonin (XIV). Deoxytetrahydrolimonin 
was, as expected, stable to acid under the conditions specified above. 
This and other experiments indicated that the second ethereal oxygen was 
probably not present as a 1,2- or | ,3-epoxide. 

The action of hydrochloric acid-acetic acid on hexahydrolimoninic acid 
(XVII) gave a neutral isomer containing (from the infra-red absorption 
spectrum) a y-lactone ring. This is formulated as (XVIII and, in agree- 
ment, oxidation with pyridine-chromium trioxide afforded an a-keto- 


0 0 


, 


H ? 


( XVII) (XVIII) (XIX) 


lactone (XIX) which could not be made to enolize. One must conclude 
from this that the original isomerization of XVIT) has placed a new carbon-— 
carbon bond at C-14 in accordance with the formula (XVIII . Our own 
work does not prove that the migrating group is methyl. This is, however, 
shown conclusively by work carried out at Ziirich and Urbana’. 

The relationship between the ketone group of limonin and the lactone 
ring D was disclosed by the following experiments (and also other work®). 
Treatment of deoxylimonin (XIV) under lactone titration conditions gave 
a non-conjugated carboxylic acid, CygH3,0.,, which still retained the two 
lactone residues but no longer responded to spectroscopic or chemical tests 
for the ketone group. Deoxylimonin oxime is stable under the same con- 
ditions of alkalinity so that it must be attack by hydroxyl ion upon the 
ketone group which initiates the reaction. All these facts are consistent 
with a reaction course indicated by the arrows in (XX) to give (XXI) as 
the structure of the acid, now conveniently designated as deoxylimonic acid. 
Similarly, deoxytetrahydrolimonin (as (XIV) ) gave deoxytetrahydro- 
limonic acid (as (XXI 

The further reactions of deoxytetrahydrolimonic acid have confirmed the 
structure assigned. It reacted with one mole of chlorine to give an adduct 

XXII) or equivalent) which was too unstable to be isolated. Heating 
in vacuo afforded a mixture of two crystalline diene-acids, both characterized 
as their methyl esters. The major product had a broad absorption band at 
255 my and a low « value (7800) in agreement with a cisoid-diene-structure 
XXIII). It gave formaldehyde on ozonolysis and had three vinyl-type 
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(XXV) 


protons in its nuclear magnetic resonance spectrum, two (7 +-60 and 


4-38) indicative of an exocyclic methylene group, or equivalent structure, 
and one (r+ = 3-97) consistent with the presence of a vinyl hydrogen a- to 
a lactone grouping (as in ring D). The acid (XXIII) was further charac- 
terized as the epoxide (XXIV) which showed a normal a,8-unsaturated 
lactone spectrum comparable to that of deoxylimonin. The minor product 
from heating (XXII) was a transoid-diene-lactone (XXV) as shown by its 
ultra-violet absorption spectrum [Amax 230 and 284 my (e 6,300 and 
16,400 respectively)]. These two diene-lactones not only confirm the 
relationship of the C-7 ketone of limonin to the ring D lactone, but also 
show the presence of a methyl group at C-8 and of a hydrogen atom at 
C-9. 

The environment of the C-7 ketone group of limonin was defined in a 
simple manner. Limonin in dry tert.-butanol containing potassium tert.- 
butoxide was rapidly autoxidized to give the diosphenol ( (XX VI): R = H) 
characterized as its acetate ((XXVI): R = Ac). Analogous diosphenols 
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( (XXVID) and (XXVIII) respectively) were obtained from deoxylimonin 
(XIV) and tetrahydrolimonin (XV). These compounds show that limonin 


B a 
contains the system —CH—CH,—CO—. The position of the ultra-violet 
absorption spectrum maximum near 280 my further indicated that there 
was very probably only one 8-H with respect to the ketone of limonin in 
the partial formula given above. 


COOH 


OH 
( XXVIII) 


These diosphenol formulations were further confirmed by the ozonolysis 
of the derivative (XXVIII) from tetrahydrolimonin. This gave in good 
yield a nor-acid (X XIX), characterized as its methyl ester. Treatment of 
this acid with aqueous alkali gave formaldehyde. The presence of the 


| 
grouping —CO—O—CH,—C—C=O in the nor-acid (XXIX) is thus 


established. In its infra-red absorption spectrum, the methyl ester of 
XXVIII) showed a carbonyl band at 1760 cm-!. This cannot be due to 
either lactones A or D, for the trisodium salt (two lactones opened and the 
carboxyl group neutralized) still showed a carbonyl band near 1750 cm=}. 
It must be ascribed to the new ketone function produced in the ozonolysis. 
This enhanced frequency is consistent with a cyclopentanone with an 
x-ethereal substituent. 


The reaction of carbanions derived from ketones (or equivalent functional 
groups) with oxygen would appear to be of more significance in degrada- 
tional and synthetic chemistry than is normally appreciated. Two recent 
communications are illustrative. 


Some steroidal ketones with a progesterone-type side chain react smoothly 
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with oxygen in potassium tert.-butoxide solution to furnish | 7-a«-hydro- 
peroxides*", For example, the ketone (XXX) gives the hydroperoxide 
XXXI) which can be reduced in high yield by zinc dust and acetic acid 
to the corresponding alcohol (XXXII). The insertion of the 17- x-hydroxy!] 
into ketone (XXX), required for the building up of the adrenocortical-type 
side chain, is not so readily acx omplished by more conventional methods. 

Che carotenoid canthaxanthin (XXXIII) reacts with oxygen under the 
above specified conditions to give astacene (XXXIV)22. This is a reaction 
which cannot be accomplished by other methods. 

Limonilic acid, CygH was first obtained!* by oxidation of limonin 
in alkaline solution with potassium permanganate, but it is more readily 
prepared in essentially quantitative yield by treatment of an alkaline 
solution of limonin with hypoiodite™, Limonilic acid is to be formulated 
as (XXXV)*. Its method of formation represents a new procedure for 
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making an ethereal linkage, facilitated, no doubt, by a specially favourable 
conformational situation. 

The work of our group outlined above, coupled with earlier published 
work on limonin, makes it possible to write without ambiguity the part 
structure (XXXVI). If we accept a triterpenoid type of biogenesis®, and 
have regard to the formation of acetone in high yield on fusion with potassium 
hydroxide’ and to the formation of naphthalenic products*: on dehydro- 
genation, then one can write (XX XVII) as a plausible formula for limonin 
(see Arigoni et al.®). This was the position in September, 1959, when Pro- 
fessor Robertson was able to state from the X-ray evidence (see Arigoni ef al.) 
that limonin was either (VIII) or (XXXVIII). The latter formula is, of 
course, incompatible with much chemical evidence, and therefore formula 
(VIII) stands. In addition, the X-ray work provides the complete stereo- 
chemistry of the molecule. 


(XXXVIII) (XXXIX) 


The formulae (VIII) and (XIV) for limonin and deoxylimonin respec- 
tively permit the formulation of citrolin as (XXXIX). The earlier work of 
Emerson" had established that citrolin contained an «,$-unsaturated ketone 
function as well as an a,8-unsaturated lactone and a furan ring. A study 
of the hydrogenation of citrolin’® appeared to show that these were the 
only unsaturated groupings present. We noted, however, that the ultra- 
violet and infra-red absorption spectra of citrolin were in better accord 
with the presence of two a,8-unsaturated lactone groups. This was con- 
firmed by the selective hydrogenation of citrolin (under conditions which 
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Obacunoic acid has two active hydrogens, in keeping with the presence of 
a normal alcoholic hydroxyl group, a feature about which there was some 


confusion earlier**, Methyl obacunoate® XLII): R = Me) likewise 
showed an OH band of a normal type in the infra-red absorption spectrum. 
The nuclear magnetic resonance spectrum of ( (XLII): R Me) con- 


firmed the presence of four normal C—Me groups (r 8-88, 8-97, 9-008 
and 9-043), one C—Me (+ 8-618) of the type at C-13 in limonin (that is, 
close to the furan ring), and of a cis-8-substituted acrylic ester (A—B quartet 


atr +-24 and 4-49 (a-H) and at + 3-798 and 4-08 (8-H); Jan 13-4 
c/sec; see Jackman™). In addition, two a-hydrogens (r+ 2-506) and one 
B-hydrogen (+r 3-658) attached to a furan ring™ could be seen easily. 


One proton with a r value of 4-63 indicated >CH—O— at C-17, a feature 
seen in the nuclear magnetic resonance spectra of limonin and its derivatives. 

On hydrogenation in acetic acid over palladized charcoal, obacunoic 
acid consumed 3-74 mols of hydrogen. Methyl obacunoate behaved 
similarly (3-86 mols uptake), and gave a crystalline methyl ester acid 
XLII) through hydrogenolysis of the D-ring lactone just as in limonin 
see above). The consumption of hydrogen in our hands is one mol less 
than that observed earlier**. We conclude, therefore, that obacunone and 
nomilin are bicarbocyclic like limonin, not monocarbocyclic as proposed** 
earlier on the basis of the hydroge nation cv idence. 

Obacunoic acid behaved like limonin on reduction with chromous 
chloride’, and afforded a crystalline deoxyobacunoic acid. This contained 
an a,8-unsaturated lactone ring regarded as 5- because of its frequency in 
the infra-red absorption spectrum. A similar conclusion as to the size of 
the reversibly opened (D-ring) lactone can be reached from the infra-red 
absorption spectra of all obacunoic acid derivatives. Deoxyobacunoic 
acid behaved like deoxylimonin (see above) in that mild treatment with 
base gave a product which, on spectroscopic evidence, now lacked the 
:,8-unsaturated lactone ring. It could not be crystallized, but was clearly 
an analogue of deoxylimonic acid (XXI). 

Another analogy between limonin and obacunoic acid could be seen in 
the following transformation. Treatment of the methyl ester acid (XLIII) 
with dioxan—hydrochloric acid under the conditions needed to transform 
hexahydrolimoninic acid (XVII) into its rearranged isomer (XVIII) gave 
an acidic product which, from its infra-red absorption spectrum, was also a 
y-lactone (frequency at 1785 cm~'). In addition, this substance showed 
x,8-unsaturated ketone absorption in its ultra-violet absorption spectrum, 
but with a carbonyl frequency in the infra-red absorption spectrum which 
was abnormally low (1630 cm~'). The same anomalously low carbonyl 
frequency is found in (XVIII) (1686 cm~'), and must be due to hydrogen 
bonding with the C-15-hydroxyl. In (XVIII), the y-lactone frequency is 
also rather high at 1789 cm~'. The reaction product is, therefore, form- 
ulated as an analogue of (XVIII), although again it could not be crystallized. 

On mild treatment with sodium methoxide, methyl obacunoate was 
converted into a compound conveniently designated iso-obacunoic acid 
XLIV). This substance lacked the a,f-unsaturated acid function of 
obacunoic acid, and also (see below) the hydroxyl group. The facts are 
conveniently explain by formula (XLIV) and, indeed, the formation of 
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such an iso-acid is in full accord with the proposed® (see also above) bio- 
genesis of limonin. 


Dean and Geissman®* made the interesting observation that obacunone 
gives a positive iodoform test. Under standard conditions2’. the following 
yields of iodoform (in parentheses) were obtained: acetophenone (30 per 


cent), acetonedicarboxylic ester (16. 2] per cent), obacunoic acid (15 per 
cent), limonin (0 per cent), iso-obacunoic acid (0 per cent), cinnamic acid 


U per cent), crotonic acid (0 per cent). These results show that it is the 
hydroxyisopropy! grouping of obacunoic acid which is responsible for the 
test. There are two obvious mechanisms whic h would explain this: 


P 


cs ete (i) 


| | 
| 
Me » 


Route (i) would appear more probable, but we do not have any decisive 
experiment to distinguish between the two. We have shown, however, 
that suitable model compounds react in the same way. hus, whilst 
dihydrocarvone (XLV)** gave no iodoform, its hydrate (XLVI)2 gave 
4 per cent. Similarly, carvone furnished no iodoform. but its hydrate 

XLVII): X O)* gave 6 per cent. From the latter reaction, the 
expected 4,6-diiodo-o-cresol XLVIIT): R H), characterized as its 
3,5-dinitrobenzoate, could be isolated. x-Terpineol ((XLVII): X H,) 
gave no iodoform, but dihydroisophotosantonic lactone XLIX): 
X = H)*!, where an analogous mechanism as indicated by the arrows in 


XLIX): X I) can operate, gave 4 per cent. These iodoform experi- 


\ 
| 


-Me,CO, etc (ti) 


ments, taken as a whole. suggest that obacunok acid has an hydroxyiso- 


propyl group separated by two carbon atoms from the ketone group as 
already written into formula ( (XLII): R H). 

The environment of the ketone group of obacunoic acid was further 
defined by autoxidation experiments of the kind already described (see 
above) for limonin and its derivatives. Alkaline autoxidation of obacunoic 
acid gave a diosphenol, characterized as its ac etate, in the manner expected. 
However, the ¢€ values for these compounds were significantly lower than 
lor compounds of the limonin series, and both the diosphenol and its acetate 
analysed for one H,O less than expected. In addition, both compounds 
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0 


(XLVII) (XLVIII) (XLIX) 


were neutral, not acidic. Formulae which explain these facts are (L), (LI) 
and (LIII); according to this scheme, a normal diosphenol acid (L) is first 
formed, but it then rearranges, if only fleetingly, to (LI), collapse of which 
(see arrows in (LI) ) gives the diosphenol ( (LIII): R = H). 

Autoxidation of iso-obacunoic acid gave an acidic diosphenol with the 
normal spectroscopic and chemical properties expected of (LIT). However, 
it could not be crystallized. 

If all the facts on obacunoic acid are summarized, and the interpretations 
made in the deduction® of the limonin structure are repeated, then, assuming 
also that the lactone ring A of obacunone is 7-membered, the part expression 
(LIV) for obacunone can be derived fairly rigidly. 

The stereochemistry of obacunone is not defined by the above experi- 
ments. However, the change in [M]p between limonin and epilimonol is 
almost exactly the same as that between obacunone and a-obacunol, the 
borohydride reduction product of obacunone**, indicating an analogous 
stereochemical environment. The change in [M]p from obacunoic acid to 
deoxyobacunoic acid is not, however, in good agreement with the corre- 
sponding change in the limonin series. We assumed that obacunone was 
related, stereochemically as well as constitutionally, to limonin and was 
thus (LV). An attempt to interrelate limonin and obacunone was, there- 
fore, initiated along the following lines. 

Limonilic acid (XX XV) was transformed into the corresponding methyl 
ketone ( (LVI): X = O) by a standard series of reactions**, and the latter 
was then converted into the dithioketal derivative ( (LVI): X = (S—CH,),). 
Preliminary experiments showed that limonilic acid could be reduced back 
efficiently to limonin by the use of lithium amalgam, and that a typical 
dithioketal was not reduced by this reagent under the experimental conditions 


563 


HOOC 
4 
x OR 
| 
; 


D. H. R. BARTON 


~ 


employed. Treatment of ( (LVI): X S—CH,),) in this way, and 
oxidation of the product with pyridine-chromium trioxide, then furnished 
the keto-aldehyde (LVII). Conversion of the aldehyde group to methyl 
should afford a derivative of iso-obacunoic acid. So far, however, it has 
not been possible to reduce the aldehyde of (LVII) without damaging other 
functional groups in the molecule. 

\ preliminary communication by Kubota, Kamikawa, Tokoroyama and 
Matsuura*® has been published in which independent evidence is presented 
for the part structure (LVIII) for obacunone. All the observations of the 


Japanese authors are in agreement with our proposed formula (XLI) for 


this bitter principle. 

From consideration of lactonic bitter principles derived from the common 
triterpenoid-steroid type of biogenesis, we return again to sesquiterpenoid 
chemistry for an account of some recent work on geigerin carried out in 
collaboration with Dr Pinhey**. Bromination of geigerin (IV) acetate with 
N-bromosuccinimide gave a derivative whose constitution and stereo- 
chemistry were shown by X-ray crystallography® to be as in (LIX). At 
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(LV1i) 


(LVIII) 
the same time, a direct correlation between artemisin ( (LX): R OH) 


and geigerin has confirmed certain aspects of the X-ray investigations®, and 
has proven the absolute stereochemistry of geigerin since that of artemisin 
was already known™, 


(LXIV) 


(LXVII) 


| 
(LV1) 
Cc 
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Some years ago, we showed*! that santonin ( (LX): R H) was re- 
arranged by irradiation with ultra-violet light in aqueous acetic acid to 
give the lactone LXI): R H). This is a general reaction?’: 3* with 
obvious applications in the synthesis of naturally occurring perhydroazulene 
derivatives. Irradiation of artemisin acetate gave a photo-product** 

LXI): R = OAc) which, on reduction with chromous chloride, gave 
the acid (LXII). Treatment of the latter with perchloric acid in acetic 
acid under controlled conditions furnished the dienone (LXIII). On dis- 
solution in | per cent ethanolic potassium hydroxide at room temperature 
and immediate acidification, the dienone (LXIII) gave an isomeric dienone 
LXIV) identical with anhydrogeigerin®. #4, The latter can be obtained 
from geigerin in various ways and, in particular, from the bromo-derivative 
LIX) by refluxing with dimethylformamide to give (LXV), followed by 
reduction of this with chromous chloride. The inversion of configuration 
on treating (LXIIT) with alkali can be easily understood as vinylogous 
8-elimination to the trienone (LXVI), followed by immediate §-directed 
from the -oriented side-chain) readdition of carboxylate anion with 
ultimately) normal hydrolysis of the lactone group to give the hydroxy- 
acid (LXVII). The mildness of the alkaline conditions precludes inversion 
at position || (in the side-chain) which, in any case, is the same** in both 
artemisin and geigerin™®. The absolute stereochemistry of geigerin is thus 
established at all centres except C-1 (see (LIX) ). A 8-configuration at 
this centre has been assigned on the basis of rotator y dispersion studies®, so 


that geigerin can be represented in full detail as in (LXVIII 


LXVIII 


It is a pleasure to acknowledge that the work described in the present lecture has 


been done by my able colleagues Drs J. T. Pinhey, S. K. Pradhan and S. Sternhell 


and by Mr Temple ton. 
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STRUCTURAL PATTERNS OF POLYACETYLENIC 
COMPOUNDS ISOLATED FROM THE 
PLANT FAMILY COMPOSITAE 


N. A. SorENSEN 


Norges Tekniske Hoegskole, Trondheim, Norway 


INTRODUCTION 


The Compositae constitute one of the largest plant Families. No modern 
botanical treatment of the whole family exists, but a simplified survey of 
the Family, taken from the 70 years’ old review by Hoffmann’, is given in 


sble 1. A few ordinary garden flowers or well-known weed genera are 


mentioned as examples, and, for simplification, some trivial tribus-designa- 


tions are also given. Most botanists agree on a division of the Family into 


Table 1. Simplified survey of the Family of the Compositac 


Approximate 
Botanical Tribus Common Genus Trivial Tribus Number of 
Designation Genera in Tribus 


I ernonicac nia lronweeds 4) 
Il Eupatoricac Eupatorium Thoroughworts 42 
Astereac ister Aster 


Sol:dago Goldenrods 
Bellis Daisy 
IV Inuleae Gnaphalium Everlastings 
intennaria 
Inula 
V Heliantheac Helianthus Sunflowers 
Dahlia 
mo 
B dens 
Lore sts 
VI Helenicac Helenium Sneczeweeds 
( Tagetes African 
Marigolds 
VII Anthemideac Chrysanthemum Chrysanthemum 
iriemisia 
\fatricaria 
VIII Senecioneas Senecio Groundsel 
IX Calenduleac Calendula Marigolds 
X Arctotideac {rctoti 
XI Cynareae Centaurea Thistles 
irctiwm 
XII Mutisieac Gerbera Gerbera 
XIII Cichoriecac Taraxacum Dandelions 
Hr ractwm 


Total: 806 


fe 
152 
144 
An 
5 
44 
8 
1] 
34 
ee 
7 
63 
| 
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13 tribes. It will be seen that, in 1889, the 13 tribes of the Compositae 


comprised more than 800 genera Although monotypic genera also exist 
in the Compositac, most of the genera contain numerous species: some, 
lor example Senecio, have more than 1000, and many contain more than 
200 well-defined species. The definition of spec ies in some cases, ¢.2£. 
Taraxacum (dandelions) and Hieracium (hawkweeds), is among the most 
dubious known to botanists. Clearly no exact statement can be given of 
the number of species depending on personal choice of definition, the 


number will be somewhere between 15,000 and 100.000. Perhaps some 
25 00 good species have been investigated for the occurrence of acetvlenic 
compounds. I hope this fact will show you the caution we shall have to 
exercise in taxonomic application of our really very preliminary results. 

Ihe botanist has long since used a phytochemical characteristic, the 
ability to produce a milksap, to divide Tribus XIII Cichorieae. to which 
both the dandelions and hawkweeds belong, from the rest of the Family. 
As far as present investigations go, this tribe seems to be devoid of the 
enzymatic systems leading to polyacetylenes, and so we can leave them out 
of consideration. 


TYPES OF ACETYLENIC COMPOUNDS 


Carboxylic acids 


Derivatives of acids, viz. methyl esters and isobutylamides. constitute the 
simplest types of acetylenic compounds found in the Compositae. 

In a pocketbook for chemists and druggists edited in 18262 by Bretz and 
Elieson, it is stated that the essential oil from the root of European mugwort, 
Artemisia vulgaris, deposits yellow crystals in the cold. For more than 100 
years no chemist took interest in these crystals, and so the first observation 
of naturally occurring polyacetyleni: compound in the solid state remained 
unheeded. In 1950, these slightly yellow crystals were shown by my 
collaborators to be the 2-methyldec-2-cis-ene-4,6,8-trivnoate®, which was 
given the trivial name cis-dehydro-matricaria ester. Its constitution. 
together with those of the six other members of this series so far isolated from 
higher plants, is given in Table 2. 

My naming of these esters may be heavily criticized. The 2-cis, 8-cis- 
matricaria ester has been found most abundantly and most frequently, and 
so this compound was named after Matricaria inodora L. M. maritima L.), 
the common scentless mayweed. 

I prefer to retain a trivial name for the 8,9-dihydro- esters. The cis- 
isomer was isolated in 1935 by Viljams, Smirnov and Goljmov‘ from the 
essential oil of Lachnophyllum gos ypinum Bee. These Russian scientists 
established the constitution unambiguously with the aid of classical degrada- 
tion methods. The cis-lachnophyllum ester was the first naturally occurring 
diacetyleni compound whose structure was elucidated. It is also most 
unusual in being a polyacetylenic compound which has been used in 
industry. Local Russian perfume industries transformed the odourless cis 
lachnophyllum ester into soap perfumes by treatment with weak alkali. 
Curiously enough, these perfumes are still of unknown constitution, 
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Table 2. Acetylenic-C,, methyl esters from Compositae 


Trivial name of Genera in which 
Constitution of ester ester ester has been found 


Lachnophyllum 
Erigeron 


Bellis 


cis-lachnophyllum 
ester* 

trans-lachnophyl- 
lum ester® 


Matricaria 
2-cis,8-cis-matri- T 
( Tripleurospermum) 
caria ester 
CH-C:C-C:C-CH:CH-COOCH, 
2-trans ,8-cis-matri- 


Tripleurospermum 
caria ester’ } 
Amellus 
8-cis-a, B-dihydro- 

matricaria 
ester’ 


Matricaria 
Tripleurospermum) 
Amellus 


CH-C!C-C!C-CH,-CH,-COOCH, 


Artemisia 

Achillea 

Matricaria 
Tripleurospermum) 

Achillea 


cis-dehydro-matri- 
Caria ester® 

trans-dehydro- 
matricaria 
ester® 


The compilation in Table 2 demonstrates that the configuration at the 
ethylenic bonds in these esters is frequently cis. The stability of the cis- 
configuration in these esters is remarkable; they remain unchanged when 
treated with iodine in the presence of light according to the standard 
techniques of isomerizing cis-carotenoids. Only the classical techniques for 
producing the light-induced equilibration of trans-stilbene with cis-stilbene 
cause a partial transformation, the conversion in this instance being from 
2-cis to 2-trans. 

In some of the Compositae, only cis-isomers occur; but others have 
mixtures of cis- with minor amounts of trans-isomers, and sometimes trans- 
dehydro-matricaria ester may even be found stereochemically pure. All 
these facts indicate that the cis- and trans-isomers are genuine components 
of these plants. It should be mentioned, however, that some of the crude 
chromatographic fractions show a rather strong allene peak at 1960 cm~, 
and, at least in the daisy, Bellis perennis, there occur components which give 
free trans-lachnophyllum acid on saponification®. These components have 
never been found in amounts sufficient for final purification, but, according 
to spectrographic studies, both the conjugated system of lachnophyllum acid 
and the érans-double-bond are produced during the saponification. I have 
mentioned this preliminary work on the acetylenes of the daisy to emphasize 
my belief that my collaborators have not as yet encountered all the varia- 
tions which the Compositae produce on the simple theme of unsaturated 
Cyo-acids. 

The methyl esters in Table 2, however, are easily recognized compounds; 
some of them crystallize extremely readily, and most of them possess 
very characteristic ultra-violet light absorption properties. In spite of 
this, these esters have so far only been isolated from 2 of the 13 tribes 
of the Compositae: viz., III Astereae and VII Anthemideae. Although 
caution is necessary at this early stage of our investigation, I am inclined to 
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believe that this fact is connected with the taxonomic division of the Family. 
In the Aster tribe III, the few acetylenes found have all been C,-com- 
pounds; but in the Chrysanthemum tribe VII, many different types of 
acetylenes have been found, with 10, 12, 13, 14, 15 and 17 carbon atoms 
per molecule. 

Although investigations for acetylenic compounds in other plant Families 
have been few and accidental, it is remarkable that, so far, these compounds 
have been encountered only in the Basidiomycete group of the higher fungi, 
instanced by the finding of Jones and his collaborators that 2-trans,8-trans- 
matricaria ester is present in Polyporus anthracophilus*, and trans-dehydro- 
matricaria acid in Pleurotus ulmarius ™, 

In the culture medium of these fungi, the acetylenic acids occur to some 
extent as methyl esters, but mostly as free acids. That free acids are 
synthesized also in the Compositae became clear when Christensen, in 
collaboration with the Jones school, elucidated the constitution of the so- 
called “* Composit-cumulene I ”!! which was isolated in my laboratory in 
1950 as a crude liquid from the leaves of scentless mayweed (see Figure 1, 
curve B). At that time I supposed it to be both a pure compound and a 
cumulene, though in fact it was neither. 

In 1953 Miss Holme was able to isolate the main constituent of “‘ Composit- 
cumulene I” as a few mg of a crystalline compound, m.p. 35-5°, from a 
Chrysothamnus species (see Figure 1, curve A). In connection with efforts 
to synthesize the naturally occurring 2-cis-isomers of the lachnophyllum, 
matricaria and dehydromatricaria esters, Bell, Jones and Whiting observed 
a rapid formation of lactones from the cis-acids in sodium bicarbonate 
solution. Christensen! demonstrated that the 2-cis,8-cis-matricaria acid 
lactonizes very rapidly in all polar solvents, and that the transformation in 
water is completed in a few minutes at room temperature: 


HC-C:C-C:C-CH 


HOOC:CH 


HC-CH, HC—=CH 


HC-C:C-CH=C C=O 
0% 


Hence, it is obvious that the free 2-cis-4-ynoic acids will never be found in 
a biological medium. The corresponding lactone from cis-lachnophyllum 
acid is a liquid. Christensen has demonstrated its presence in some of 
those Compositae which are rich in the corresponding ester, ¢.g. Boltonia 
asteroides (L.) L’Her and Erigeron acris *rigidus Fr.™, 

Clearly the free acetylenic acids are also produced by the higher plants, 
but lactonization prevents them accumulating and, as is clear from 
Figure 1, causes spectral changes which hamper recognition of their acetylenic 
nature. 
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3,800 


Figure 1. Ultra-violet light absorption spectra in hexane of: A. 4-hydroxy-deca-2,4,8-trien- 
6-ynoic acid, y-lactone; B. “* Composit-cumulene I”, according to Sorensen and 
Stavholt™; C. cis,cis-matricaria ester 

The only other derivatives of acetylenic acids isolated from Compositae 
are isobutylamides. As a result of the work of Crombie, anacyclin and 
dehydro-anacyclin (two of the insecticidal compounds of the Anacyclus 
pyrethrum D.C, extract) have been shown to contain acetylenic bonds. 


CH: CH: CH: CO- NH-CH,-CH(CH;), 
Anacyclin 
Dehydro-anacyclin 


The most potent isobutylamides known at the moment are those which 
have purely ethylenic unsaturation, but, on examination of side-fractions 
during systematic research on the isolation of potent insecticidal principles, 
co-existing acetylenic compounds may be discovered. 

I might add that such compounds as anacyclin are also easily overlooked 
for two other reasons. Firstly, their acetylenic chromophore does not give 
rise to any readily recognizable strong band in the ultra-violet light absorp- 
tion spectrum; and, secondly, the extraction of these amides requires rather 
special solvents. According to biological work, many members of the 
Compositae have a pyrethrum-effect similar to the isobutylamides, and so 
there is a distinct possibility that the acetylenic isobutylamide group is 
much more widespread than we appreciate today. 

From a purely chemical point of view, the most interesting fact is the 
chain length and the degree of unsaturation. By both tokens anacyclin 
and dehydro-anacyclin are intermediate between the ordinary unsaturated 
fatty acids and the C,,-acids of the Compositae. 


Alcohols 


None of the other classes of acetylenic compounds are as simple as the 
carboxylic acids. Whereas the Basidiomycetes studied by the Jones school 
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very often produce a methyl ester as well as the free carboxylic acid and 
the corresponding primary alcohol, this has never been observed in higher 
plants. 

As will be seen from Table 3, which gives a compilation of the primary 
alcohols isolated in my laboratory from Compositae, the alcohol correspond- 
ing to the matricaria ester has been found in two stereoisomeric forms, only 
one of them (the 2-trans,8-cis) corresponding to the configuration of the 
methyl esters. 


Esters of acetylenic alcohols isolated from the Compositae 


Constitution of acetylenic alcohol Stereochemistry Genus 
. { 2-trans,8-trans 
H,C-CH:CH-C:C-C:C-CH:CH-CH, COCH, 2-trans,8-cis Xenthiome 
4-cis Brachycome 


5-cis Matricaria 
H,C:CH-C:C-C:C-C:C-C:C-CH:CH-CH,-O-COCH, trans Coreopsis 


H,C: CH- CH: 10-cis  Carlina 


C:C-C:C-CH:CH-CH,:O-COCH, trans Coreopsis 


Ihe matricarianol acetates have been isolated from certain members of 
the large genus Aster; they are especially abundant in Grindelia and Xan- 
thsma. In the Compositae, the occurrence of these acetylenic alcohols 
seems to give clear-cut taxonomic clues. Morphologically similar species 
from different genera can be divided according to the type of C,,-acetylenes 
present. Asan example I may mention Erigeron peregrinus (Pursh) Green and 
E. salsuginosus *glacialis Gray. These are stated by most modern botanists 
to be closely related. Earlier botanists classified them in the genus Aster, 
but present-day authorities have transferred both to Erigeron. Since 


E. per eTinus 


yntains, in all parts of the plant, cis,cis-matricaria ester together 


with small amounts of cis-lachnophyllum ester, it can be classified on a 
chemical basis as a genuine fleabane (i.e. Erigeron). LE. salsuginosus * glacialis 


contains trans,trans-matricarianol, and this only in the root, so that the 
chemist’s answer this time is Aster'® 

Most of the other acetylenic alcohols bear no relation to the naturally 
occurring acids, but are more closely related to the acetylenic hydrocarbons. 


This will be obvious from Tabi: 


4, which summarizes the remarkable 
results which Bohlmann®? in Braunschweig has achieved with the “‘ Centaur 


cornflower extracts by Lofgren** in Stockholm. The two C,,-hydrocarbons 


compounds. These compounds were first discovered in 


had been isolated earlier by my wife from some Coreopsis species®!. *4, The 

3915 *-hydrocarbon, which is found both as the cis- and the trans-isomers, 
is one of the most widely distributed acetylenic hydrocarbons in this plant 
Family, and one of those which occurs in reasonable amounts. Some 
species contain polar fractions which possess the same chromophore and 
which show peaks in the infra-red absorption spectrum which are charac- 
teristic of an acetyl group. Only once has the ester responsible been 
obtained pure; it is possible that higher homologues may occur in other 
cases, but this has not yet been proven. 
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The second hydrocarbon in Table 4 may be regarded as the parent 
compound of the acetate found by my wife in Carlina vulgaris (substitution 
of the methyl group), and also of the three derivatives of the C,,-glycol and 
chlorohydrin which are also shown in Table 4. These three chlorohydrin 
and a-glycol derivatives are supposed by Bohlmann to originate from 
epoxides. Acetylenic epoxides have so far been observed only in fungi*; 
although some evidence exists for their presence in Achillea, definite proof 
of this is still lacking**. 

Of special interest in Bohlmann’s elucidation of the cornflower 
polyacetylenes are the 1,3-glycol derivatives in the C,,-class, and the 
C,,-hydrocarbons. The latter, in chain-length and unsaturation, some- 
what resemble the toxins from the umbelliferous plants Oenanthe and 
Cicuta, the constitutions of which were elucidated by the elegant work of 
Lythgoe and his group in Cambridge?’. 

But let us return to the alcohol which results when a hydroxyl group 
is introduced into the methyl group of the 1,3,11-triene-5,7,9-triyne. As 
the acetate, this primary alcohol was found in one of the carline thistles, 


20. who also established its 


Carlina vulgaris euvulgaris Holmboe, by my wife 
constitution. The carline thistles are, however, the plant genus where 
naturally occurring acetylenes were originally found in the Compositae 
more than 60 years ago. Semmler isolated the main component of the 
essential oil of Carlina acaulis in 188978. He named it carlina oxide, estab- 
lished the formula C,,H,,O and restricted the constitutional possibilities 


to the three given: 


HC 
—CH,°C!C—C 
(I) 


Carlina oxide 


HC——-CH 


S—CH:C:CH—C 


Faced with these alternatives, Semmler made the following statement: 
“Es ist von Hause aus sehr unwahrscheinlich, dass eine acetylenartige 
Verbindung vorliegt, sondern wir werden es mit der Verbindung (III) zu 
tun haben’; and it was not until the work of Gilman*® in 1933, and of 
Pfau and his co-workers*! in 1935, that formula (1) was proven for carlina 
oxide. 

Carlina oxide, C,,H,O, is isomeric with the tridecatrienctriynol 
isolated by my wife from C. vulgaris, and a third isomer is the phenylhept- 
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enediynol isolated as a crystalline acetate from several Coreopsis species by 
my collaborators?! 


(Carl 


C-C:C-CH:CH-CH,OH 


CH 


CH 


unted out at once that this Con Psis 


alcohol, was, 80 to speak, an 
¢ in the formation of carli 


a oxide from an aliphatk precursor. 


18 into x-methyl- 
in 1946, The expected 
~carlina oxide I\ , and thence 


» carlina oxide is given by 


all efforts by the Jones group to cyclize the trans- 
henylheptenediynol were in vain. In his recent Pedler lecture’. 
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HC—CH 
: 
HC CH 
CH,CiC—C CH 
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Table 4. Centaurea acetylenes, according to Bohlmann™ 


Constitution of Centaurea acetylenes Code no. 


CH:CH, 

CH:CH, 

CHCI-CH,O-COCH, 

CHCI!-CH,OH 

CH,:CH(O-COCH,)-CH,: 
CH,O-COCH, Centaur X,(?) 

CH,:CH,O-COCH, Centaur X, 


( 
( 
( 
( 
( 


cic 
CH:¢ 
CH:¢ 
CH: ¢ 


H 
1H 


CH,-CH,-CH,-CH:CH, \ transcis 


CH,:CH:CH, Centaur X,( ?) 


however, Jones reported that the cis-isomer cyclizes rapidly in weak alkali 
to give (V), which in weak acids rearranges to iso-carlina oxide. 

This picture of the biogenesis of carlina oxide was marred by the fact that 
phenylheptenediynol, which can be regarded as having the dienyne 
residue “ curled up” into a phenyl ring, had only been found in Coreopsis 

lribus V Heliantheae), and not in any thistle (Tribus XI Cynareae), such 
as carline thistle. For this reason, my wife made an investigation of another 
subspecies of Carlina vulgaris, viz. longifolia (Rchb) Neum., which occurs in a 
few localities in southern Norway. The aliphatic tridecatrienetriynol 
was present again, but in this subspecies the main component was a new 
acetylene which should have the constitution: 


HC———_CH 
H,C:CH-CH:CH-C:C-C:C-CH,—C CH 
O 


So far, however, our efforts to confirm this constitution by synthesis have 
been futile. Thus, although the Coreopsis alcohol could not be detected, 
my wife had the satisfaction of obtaining the other predictable intermediate 
of Semmiler’s carlina oxide. 

In connection with the recent elegant contributions of Jones, Turner and 
Whiting on the cyclization of cis-2-enyne alcohols to dihydrofurans, which 
is really an approach to the solution of the problem of the formation of 
carlina oxide, I should like to mention the results of Christensen’s work on 
the tiny weed Matricaria matricarioides (Lessing) Porter’*, As some of you 
may have realized, the “ rayless camomile "’ has invaded practically every 
civilized country and surrounds most chemistry departments. In the root 
of this plant, Christensen found a new tridecatrienediynol, as the acetate. 
The main component of the above-ground parts of the plant could not be 
crystallized, but, from the evidence of crystalline degradation products, 
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| H,C-CH 
C,,< H,C-CH 
|} H,C-CH 
|H,C-CH 
fH,C-Cit 
H,C-CH 
fH,C- Cr 
J 
H,C-CH 
“ 
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H,C-C:C-C:C-C:C-CH 


HO-CH,-CH 


-dehydro-matricarianol has not so far been found in nature, but I 


d be the first to admit that this fact may be my own fault: the trans- 


isomer has been isolated bv the Jones group from the fungus Pleurotus 


Ihus the formation of heterocycles seems to be just as de yendent 


on a £-cis-configuration in the enyne alcohols as in the acids. 


Hydrocarbons 


As to the acetvlenic hvdrocarbons occurring in the Compositae. I have 


not n h to add to the review which has already been given of Bohlmann’s 
work on the cornflower acetylenes (Table 4). All hydrocarbons isolated in 


aboratory are C,,-compounds, and are listed in Table 5. 


CH:CH, 


CH: 


3-c1 


CH: CH-¢ 


H,C-CH:CH-C:C-C:¢ CH:CH-CH:CH-CH:CH, 


The structure of the “ 4100 ”-hydrocarbon, our only naturally occurring 
penta-acetylene so far, has been confirmed synthetically by the Jones group*®, 
It forms yellow crystals which are stable for only a few minutes at room 


temperature. In the plant or in dilute solution the stability is surprising ; 
it may still be found in dried plants which have been stored for months at 
room temperature. We have, however, never found this pentayne in any 


large quantity. It has been isolated in the solid state from about a dozen 


plants; in the numerous other cases where the very characteristic spectrum 


has been encountered, there is no proof that the enepentayne chromophore 
not present in a longer aliphatic chain. 
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“ss Christensen regards it as being the cyclization product of cis-dehydro- ee 
; 
H,C-C:C-C:C-CH=C CH, 
oO 
4 
The 
i nic hydrocarbons in Cor positae (except Centaure * 
etylenic hydrocarbon Stereochemistry Code ne 
< l-trans i915 
H,C-C:C-C:C-C:( 
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Two of our hydrocarbons contain the phenyl residue, the first one bearing 
just the same relation to the foregoing aliphati: compound as the Carlina 
vulgaris alcohol to the ¢ oreopsis alcohol. Without delving into the fascinating 
question of whether Compositae are able to transform a dienyne chain 


directly into a benzene ring, or whether both originate from a common 
oxygen-containing precursor. I should like to mention that, when Skattebol 


and Serensen*? tried to synthesize the aliphatic trideca-!,3,11-triene- 
9,7,9-triyne, he obtained the phenylhept-5-ene-1,3-diyne as the main 
reaction product. The procedure which was selected: 

CH— CH CH, 


R—CHC!I—C=-C—CH R + 


CICH, 


is a standard route to polyacetylenes, and the cyclization seems to be a 


general reaction when the molecule contains a terminal butadieny] residue. 


Beside carlina oxide itself, the capillene-agropyrene series constitute the 
classical phenylacetylenes of the Compositae. The constitutions of the 
three members known are given by: 


~CH,°CH:CH-C:C-CH, 


“old Agropyrene ” 


CH,:-C:C-C:C: CH, Capillene = Agropyrene 


CO-C:C-C:C-CH, Capillin 


and their somewhat confused history may be summarized as follows. In 
1922 Schimmel & Co.** prepared a sample of the essential oil of couch- 
grass, Agropyron repens (L.) PB. This oil was investigated by Treibs in 1944, 
and the main compound was stated by him to have the constitution which 
I have named “ old agropyrene "’**, Meanwhile, early in 1920, Japanese 


chemists started work on the essential oil of the fungicidal mugwort Artemisia 
capillaris. In 1930, Arima and Okamoto" isolated a hydrocarbon “ capil- 
lene ” from this source and formulated it as Cy3H,,. In 1954 this hydro- 
carbon was again isolated, by Harada*!, who proposed a C,,-formula, 
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Harada at first supposed capillene to be an isomer of “ old agropyrene ”’, 
but, in a 1957 paper*?, he corrected the formula to C,H,» and proved the 
structure given for capillene by synthesis. During the same period, Imai** 
and his collaborators isolated the fungicidal principle of A. capillaris. This 
they named capillin, and again the structure was confirmed by synthesis. 
In the meantime (1954), Cymerman-Craig** had synthesized the trans- 
isomers of “* old agropyrene ", and the properties of the synthetic compound 
indicated that the couch-grass compound could hardly have the constitution 
indicated by Treibs. In collaboration with Treibs. Cymerman-Craig in 
1959 proved the identity of capillene and the couch-grass acetylene, and at 
the same time demonstrated the smooth autoxidation of capillene into 
capillin. 

The reason that “ old agropyrene ” has not been omitted from the list 
is a paper published in 1958 by Goljmov and Afanesev. These authors 
isolated from the Russian mugwort. Artemisia scoparia, two hydrocarbons: 
one, C,»H,», which was identical with capillene; the other, C,.H,., which 
was stated to have the formula of “ old agropyrene”. An interesting point 
is that so far no C, ,-aliphatic acetylene has been isolated from a mugwort. 
rhe only C,,-compound known from botanically related plants is a mono- 
thiophene, possibly derived from a parent hydrocarbon C, Hg. 


Thiophenes 


The thiophenic acetylenes discovered in recent years appear to constitute 
one of the largest groups of naturally occurring acetylenes. The isolation, 
by Zechmeister and Sease in 1947, of terthienvl from a special variety of the 
African Marigold, TJagetes erecta. provided the first representative of this 


] 
Ciass. 


HC——CH HC——CH HC——CH 


HC ( C C —C CH 
S S S’ 


lerthieny! itself apparently has no relation at all to aliphatic acetylenes. 
It is, however, noteworthy that Challenger and Holmes** suggested in 1953 
that there should be a connection between the occurrence of aliphatic 
polyacetylenes and terthieny!l in the same plant Family. That these 
relationships might, in some cases, be rather simple was shown, originally, 
more-or-less by accident. Cor psis grandiflora Hogg ex Sweet gives an 
essential oil with an ultra-violet absorption spectrum which is completely 
dominated by the elegant spectrum of phenylheptatriyne (Figure 2). 
The phenylheptatriyne also possesses an unusually marked tenden y to 
crystallize. On one occasion, my wife was chromatographing the oil and, 
as a matter of routine, she took the usual cuts in the eluent and obtained 
one crystalline fraction after the other. The melting points of the crystals 
from the later fractions were lower by a few degrees, and, fortunately, my 
wile determinated their ultra-violet absorption spectra. That of the 
material from the later fractions is given by curve A in Figure 3. Curve B 
shows the spectrum of its tetrahydro-compound. The infra-red absorption 
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2400 2800 3200 3600 24002800 3200 


Figure 3. Ultra-violet light absorption 

spectra in hexane of: A. 2-phenyl-5-(1- 

propynyl)-thiophene; B. 2-phenyl-5-(n- 
propyl)-thiophene 


Figure 2. Ultra-violet light absorption spec- 
trum of phenylheptatriyne 


spectrum revealed a monosubstituted phenyl residue, and a comparison 
with the curve that had just been published by Birkinshaw® for junipal, 


)-(1-propynyl)-2-formylthiophene, indicated that there might also be a 
2,5-disubstituted thiophene present. Due to the work of Birkinshaw on 
junipal, one of the odoriferous principles of the Basidiomycete, Daedelia 
tuniperina, the rest of the constitutional work was easy: the compound was 
proved to be 2-phenyl-5-(1-propynyl -thiophene. The formal relationship 
between phenylheptatriyne, 2-phenyl-5-(1-propynyl)-thiophene and junipal 
is shown as follows: 


—C:C-C:C-C:C-CH, 


Phenylheptatriyne 


+ H,S 


HC——CH HC——-CH 


OHC—C C—C:C-CH, <  C—CC-CH, 


unipal 2-Phenyl-5-(1-propynyl)-thiophene 
Juniy P 
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Dehydro-matricaria ester is formally related to two isomeric thiophenes, 
thus: 


+H,S 


HC CH HC CH 


H,C-C:C—C C—CH:CH:-COOCH, H,C—C C—C:C-CH:CH-COOCH, 


VI 


Guddal has demonstrated that two crystalline compounds in the root of 
tansy, Chrysanthemum vulgare Bernh., are the cis-and trans-isomers of one of 
these thiophenes (VI). By synthesis of the trans-isomer, Skattebol has 
confirmed this constitution®?: the junipal of Birkinshaw was an intermediate 
in this synthesis. 


\nother interesting member was isolated by Mrs Liaaen Jensen®*® from 
some Bidens species, viz. 5-methyl-5'-butadienyl-2,2’-dithienyl (VII). This 
was the first naturally occurring derivative of dithienvl to be discovered, 
and in this case also the constitution was confirmed synthetically by 
Skattebol. The 5-methyl-5’-butadienyl-2,2’-dithienyl can be formally 
derived from the trideca-1 ,3-diene-5,7,9, | l-tetrayne (VIII), which can also 
be regarded as the hypothetical precursor of the phenylheptatriyne found in 


a 


ver of Bidens spec ies: 


HC——_CH 


H,C:CH-CH:CH 


H,C:CH-CH:CH-C:C-C:C-C:C-C:C-CH, 


VIII 


v 


C:C-C:C-C:C-CH, 


However, trideca-1 ,3-diene-5,7,9,11-tetrayne (VIII), which is a positional 


isomer of the “ 3915 ”-hydrocarbon, has not so far been isolated from plants, 
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In 1959, Uehlenbrook*‘ and his collaborators in the research laboratory 
of Philips-Roxane demonstrated that the terthienyl of Zechmeister was one 
of the nematodicidal principles of extracts from Tagetes roots. More 
potent, however, than terthienyl was a liquid compound with a broad 
ultra-violet light absorption maximum at 3400 A. These Dutch chemists 
gave this nematodicidal principle the structure (IX). Fractions with 
similar ultra-violet and infra-red light absorption spectra had been isolated 


HC——CH HC——CH 
| | | | 
H,C:CH-C:C—C C——C CH 
\ 


(IX) 


HC CH HC——CH 


| 

H,C:CH-CH,-C:C—C C——C CH 


\s/ 


by my collaborators from the thistles Berkheya macrocephala and Echinops 
sphaereocephalus. Since these fractions possessed an ultra-violet light absorption 
maximum at a shorter wave-length than that of 5-methyl-5’-butadienyl- 
2,2’-dithienyl (VIII), but which is in good agreement with those of the 
monoethylene and monoacetylene derivatives of 2,2’-dithienyl, we favoured 
the C,,-structure (X) for the constituent of these fractions. Although 
some uncertainties thus remain as to the constitution of the nematodicidal 
principle of Tagetes, this compound and the 5-methyl-5’-butadienyl-2,2’- 
dithienyl (VII) obviously provide intermediates which would encourage 
not only Professor Challenger, but also any other chemist, to postulate 
connections between aliphatic polyacetylenes and naturally occurring 
thiophenes. 

Finally the scentless mayweed, with which my small group originally 
started work in the acetylene field, has also furnished some new thiophenes*®. 
In our 13th communication in 19548, reporting the isolation of trans-dehydro- 
matricaria ester from members of the subgenus Tripleurospermum of Schulz- 
Bipontinus, Miss Holme and my wife described two crystalline compounds 
which, at that time, were characterized only by melting-point and ultra- 
violet light absorption spectra. When the work was resumed, my wife 
found a number of thiophenic compounds of which five have now been 
isolated in a pure state: one turned out to be identical with the trans-isomer 
of methyl-5-propynyl-2-thienylacrylate which had been isolated earlier by 
Guddal from tansy. The four others are new ones, and all are mono- 
substituted thiophenes. The synthesis of two of them with the aid of the 
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Jutz synthesis™, one of the most elegant recent contributions to the synthesis 
of acetylenic compounds, is represented as follows: 


HC-———CH 


HC C—CICH 


CH: CH-CH:CH-CHO 


+ C,H, 


CH: CH-CH:CH-CHOH-C,H, 


CH: CH-CH:CH-CH:CH, 


HC——CH 


C-CH:CH-CH:CH-CO-C\H 


m.p. 44 


of the new thiophenes from scentless mayweed might be the 


vdro-derivative of the ketone These new monosubstit ited thio- 


relationships to the acetvienes isolated earlier from 


t'rwar und the « ely re ed mugworts (Arte \ ill be obvious 


from / 6, the monot phenes may well be ected with the Centaur 


scqucnt 
decarboxylation The studi in Oxford on some ati poiva etylenes 


of certain fungi have dy made such ler ylations pla le*’, 


mavweed 


raise nee j m the iestion of ether o Ot these short-chain poly- 
acetylenes originate as degradation products of unsaturated fatty acids. 
Bohlmann has dis sod tl probiem in connection with his cornflower 


is pr m 
series, as has E. R. H. Jones on the basis of his fifty or so polyacetylenes from 
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Table 6. Related compounds in the Tribus Anthemideae, subtribus Anthemidineae 


Chemical constitution Stereochemistry Source 
CH,:CH,:CH: CH, (Centaur X,) ( Matricaria) 
Artemisia 
(Matricaria) 
H,C-C:C-C:C-C:C-CH:CH-COOCH, Matricaria 
8-cis- Matricaria 
HC——CH 


HC C—C:C-CH:CH-CH:CH-CH:CH, Matricaria 
S tnodora 


HC——CH 
| HC Matricaria 
inodora 


Cu) HO—CH 


Matricaria 
tnodora 


fungi. The answer is up to the biochemist: it is his privilege and his respon- 
sibility. The organic chemist will, from my experience, have his hands full 
with the isolation of numerous new members of the known structural 
groups of naturally occurring acetylenes, and, without doubt, with the 
elucidation of the structures of quite new types. 
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CHEMISTRY AND BIOCHEMISTRY OF SOME 
BIOLOGICALLY ACTIVE BACTERIAL LIPIDS 


E. Leperer* 


Institut de Biologie Physico-Chimique and Laboratoire de Chimie Biologique de la 
Faculté des Sciences, Paris, France 


INTRODUCTION 


Work, which was begun in the author’s laboratory in 1948, on the 
chemistry of various lipid fractions of Mycobacteria and other acid-fast 
micro-organisms, has led to the identification and elucidation of the 
chemistry of a number of compounds having unusual structures and interest- 
ing biological activities. The principal compounds studied are branched- 
chain high molecular weight fatty acids, glycolipids and peptido-glycolipids. 
Some information on biosynthetic mechanisms in these series has also been 
obtained. 

The infection of a healthy animal or human being by tubercle bacilli 
gives rise to several pathological manifestations, such as: (i) formation of 
tubercles; (ii) establishment of a delayed type of hypersensitivity; (iii) loss 
of weight, haemorrhages, and death, due to the presence of a toxic factor; 

iv) increased production of antibodies; (v) development of resistance to a 
second infection. 

We shall see that all of these pathological phenomena are due to particular 
lipid fractions of the tubercle bacillus. Besides these, we shall consider also 


a new category of glycolipids which are typical for certain strains of Myco- 


bacteria (see Table /). 


Table 1. Correlation of biological activity and chemical structure 


Pathological phenomenon Chemical structure of the corresponding lipid 


Formation of tubercles jranched-chain fatty acids 

Delayed hypersensitivity Esters of mycolic acids with carbohydrates 

Loss of weight, haemorrhages, death Cord factor (6,6’-dimycoloyl-trehalose 

Increased production of antibodies Wax D of human strains (a peptido-glyco- 
lipid 


Resistance to infection Phosphoglycolipids 


Specific pathogenicity (? Mycoside A and B (glycolipids 
Mycoside C (a peptido-glycolipid) 


TUBERCLE FORMATION 
Branched-chain fatty acids 


Branched-chain fatty acids and their derivatives seem to be the principal 
compounds producing the characteristic tubercles observed in tuberculosis. 


* Present address: Institut de Chimie des Substances Naturelles, Gif-sur-Yvette, Seine et 
Oise, France. 
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rhe excellent work of Anderson', published between 1926 and 1946, has 
shown that Mycobacteria contain several branched-chain fatty acids. 


One can distinguish two large groups: (i) compounds having only methyl] 
branchings; (ii) compounds with longer branched chains. 


Compounds with methyl side-chains 

In this group, we find compounds having only one methyl side-chain, 
such as tuberculostearic acid (I) and phthiocerol (II)*, and those having 
several methyl branchings, such as phthienoic acid (III)* and mycocerosic 


acid (1V)*. 


H,C—(CH,),—CH- 


CH,),—COOH 


H,C—(CH,),—CH—CH ,—CH 


OH 


H,C—(CH,) ,,—CH—CH ,—CH—CH =C—COOH 


H,C—(CH,) »—CH—CH ,—CH—CH ,—CH—CH ,—CH—COOH 


IV 


It seems that compounds having only one methyl branching, such as 


I) and (II), are devoid of biological activity, whereas those with three or 


more methyl branchings, such as (III) and (IV). are potent producers of 
tubercles (see the review by Asselineau®). 


The structural determination of phthienoic and mycocerosic acids is due 


to Polgar, Cason, J. and C. Asselineau, and S. and E. Stenhagen, and can- 


not be described in detail here (for recent reviews. see refs. 6 and 7). 


Two different mechanisms of biosynthesis can be considered for the fatty 


acids with methyl! side-chains: the “ Birch mechanism ’’*, consisting of the 


fixation of a methyl group (from methionine) onto a polyacetic acid chain* 


* Hofman and Liu® have shown that the cyc lopropane ring of lactobacillic acid is formed 
tn vive by the fixation of a one carbon unit derived from formate onto cis-vaccenic acid: the 
fixation of methyl groups on aliphatic chains by this mechanism does not seem to have been 
observed yet. 
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and the “ propionic acid mechanism ”, consisting of the condensation of a 
normal fatty acid in the a-position of one molecule of propionic acid. 
Repetition of the condensation of propionic acid could give molecules such 
as (III) and (IV). This mechanism had been considered by Polgar and 
Robinson", Robinson Woodward!2, and Gerzon et al.!3, and has been 
recently proven in its simplest form for the biosynthesis of x-methylbutyric 
acid in the Ascaris'* and for the formation of the branched chain of the 
antibiotic erythromycin". 

Recent experiments of Gastambide and Grisebach unpublished) have 
shown that propionic acid, when incubated with growing cultures of the 
non-virulent human strain H37Ra, is incorporated in good yield into 
mycocerosic acid (IV), 

For phthiocerol, which has been shown to be a mixture of two homo- 
logous glycols (IIa) and (IIb)*, the following biosynthetic route can be 
postulated : 


H,C—(CH,),—CH—CH,—CH—(CH,),—COOH + CH,—COOH + 
OH OH CH, 


CH,—COOH-»> 


20 or 22 
CH—CH ,—CH—(CH,),—CH—CO—CH,—COOH-» 
OH OH CH, 1H, 
CH—CH ,—CH—(CH,) —CH—CO—CH ,—CH, -»(II) 
OH OH CH, 
(V) 


The dihydroxy-keto compound (V) has been isolated as one of the “ com- 
panions ”’ of phthiocerol and has been named phthiodolone?’, 


Compounds with long side-chains 


These are the so-called mycolic acids: the latter have been defined as 
“ high molecular weight 8-hydroxy acids with a long side-chain in a”, 

Three principal groups of mycolic acids have been described so far: 
i) corynomycolic acid'® and corynomycolenic acid?°, of Corynebacterium 
diphtheriae, with 32 carbon atoms; (ii) the nocardic acids, of Nocardia 
asteroides, with 50 + 3 carbon atoms*'; (iii) the mycolic acids of Myco- 
bacteria, with more than 80 carbon atoms!: &, 22, 

We have studied in detail the biosynthesis of the simplest of these acids, 
corynomycolic acid; this compound, C,,H,,O;, m.p. 70°, [a]p + 7°5°, 
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has been isolated from the lipids of C. diphtheriae and C. ovis. Its structure 
VI) has been established by degradation” and confirmed by synthesis?*. 


OH 


presence of free palmitic acid and of palmitone in the lipids of C., 
“*, as well as previous work on the mycolic acids of Mycobacteria, 
ggested that corynomycolic acid is formed in vivo by the condensation of 
molecules of palmitic acid (probably as palmitoyl-coenzyme A) and 
n of the intermediate 8-ketoester. Palmitone (VII) could be formed 

h saponification and decarboxylation of the 8-ketoester. 
nt experiments of Gastambide-Odier** with 1-'C-palmitic acid 
onfirmed this hypothesis, and have shown that corynomycolic acid is, 
formed » by the condensation of two molecules of palmitic acid. 
ures of diphtheria bacilli (C. diphtheriae, strain Parke-Williams 8) were 


m Loiseau-Philippe medium containing 10 ye of the potassium salt 


i 
tic acid (specific activity (43-1 6-0 107 counts min=! 


mmole~!). Af 12 


days at 37 , the cells were centrifuged, washed, and 
extracted with alcohol—ether (1:1 

Corynomycolic acid was isolated in a pure state by chromatography on 
magnesium silicate—celite, esterification, distillation under reduced pressure, 
and finally chromatography of the methyl ester on alumina; after several 
subsequent stages of purification, 0-4 mg of pure methyl corynomycolate 


mmole~! 


m.p. 59-62-5° and specific activity 44-7 x 10* counts min 
re isolated. This represents about 3 per cent of the total radioactivity 
added with the potassium palmitate. 

If corynomycolic acid is synthesized in vive from two molecules of palmitic 
acid, then, in these experiments with carboxyl-labelled palmitic acid, only 
the C—] and C-—3 atoms should be labelled, and each should contain half of 
the radioactivity. This was proved to be the case experimentally, the 
reactions involved being represented schematically as follows: 
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CHEMISTRY AND BIOCHEMISTRY OF SOME BACTERIAL LIPIDS 
H,C—(CH,),,—“COOR + CH,—™“COOR 


CigH 
OH 


H,C—(CH,) ,,—™“CH—CH—™COOR 


H,C—(CH,) ,,—'C—CH, + “CO, 


(IX) 


HCl, ethanol 


H,C—(CH,),,—™COOH 
(X) 


{ NaN,, H,SO, 
H,C—(CH,),,—NH, + ™CO, 
(X11) 


The radioactive corynomycolic acid (VIa) was first diluted with authentic 
corynomycolic acid to a specific activity of (33-0 + 4-0) « 104 counts mg~! 
min~! mmole~!, and then oxidized and decarboxylated in a chromic acid— 
acetic acid mixture. The barium carbonate obtained had a specific activity 
of (16-3 + 6-4) x 10* counts min-! mmole~', and the palmitone (VII) 
obtained in a pure state (m.p. 79-80-5°) had the same specific activity 

16-3 + 2-3) x 10*). This already shows that the carboxy] of the labelled 
corynomycolic acid has half the radioactivity of the whole molecule. 

The radioactive palmitone (VII) was then degraded in the following way: 
the oxime (VIII) was prepared and rearranged to the amide (IX); this 
was cleaved in acid medium and gave an inactive amine (XI) and palmitic 
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acid (X) having the same specific activity 12-5 + 3-4) x 10*) as the 
palmitone; decarboxylation of this palmitic acid then gave again an in- 
active amine (XII) and barium carbonate having the same radioactivity 
as the initial sample of palmitone (VII). 

This proves that, in the corynomycolic acid formed in vivo in the presence 
of 1-'*C-palmitic acid, only the C-1 and C-3 atoms are radioactive: this 
can only be explained by the condensation of two intact molecules of 


palmitic acid; otherwise, if the palmitic acid had undergone an initial 


degradation, radioactivity would have been “ smeared out ” over the whole 
molecule. 

It can be surmised that one of the molecules of palmitoyl-CoA has to be 

1 to tetradecylmalonyl-CoA. The detailed mechanism of the 

cuion has not vet been studied. 

lenic acid (XIII), the second C,,-mycolic acid isolated from 

theriae™, is obviously formed from one molecule of palmitoleic acid, 

CH,);—CH = CH—(CH,),—COOH (which also exists in large 

es in the free state in the diphtheria bacillus , and one molecule ol 

acid Here. an intermediary §8-keto-< ster could give a ketone, 

ne, CH,— (CH, CH-—CH CH on sapon- 


has also been isolated from the lipids of C. diphtheriae®. 
OH 
CH—CH-—COOH 
CH, 
CH, 
XIII 
ICH,, have been isolated recently 
Nocardia asteroides, and the partial 


: they are probably synthesized 


molec ules ol long n 16 ids in 


OH 


H,C—/CH,),—CH iCH,}—CH—CH—COOH 


as 
it 
: 
3 
: j The noca 
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CHEMISTRY AND BIOCHEMISTRY OF SOME BACTERIAL LIPIDS 
Mycolic acids are typical constituents of Mycobacteria, and were discovered 
in 1938 by Lesuk and Anderson*®. Detailed studies of their chemical 
structure, pursued in our laboratory principally by J. Asselineau, have 
yielded the following results: mycolic acids of human and bovine strains of 
M. tuberculosis have the approximate formula C,,H,,,O, + 5 CH, and the 
general structure (XV): 


OH 
R—CH—CH—COOH 


(XV) 


where R is a radical containing about 60 carbon atoms with one oxygen 
function (OH, or OCH, or a carbonyl) and three chains. 

Extensive degradative evidence has shown that in some of these mycolic 
acids the second oxygen function is either on C-—5 or further away from the 
carboxyl, and that C-4 or probably C-4 and C-6 carry side-chains*: *, 

As to the length of the various side chains, it is known that at least one 
of these (besides that at C—a) has 24 to 26 carbon atoms, and that the others 
are shorter (C,, to C,,). 

All experimental evidence is in agreement with formulae (XVII) and 

XVIII), which could result from the condensation of four molecules of 
long-chain fatty acids (2 « 26 + 2 « 18 = 88) by the mechanism which 
we have proven for corynomycolic acid. An appropriate reduction of the 
intermediate (quite hypothetical) triketo-compound (XVI) gives the two 
types of mycolic acids (XVII) and (XVIII). These structures are in 
agreement with all experimental findings*’. 


C,,H,,—COOH + CH,—COOH + CH,—COOH + CH,—COOH 
O O 
C,,H,,—C—CH—C—CH—C—CH—COOH 


Cyl Calle 
XVI) 


OH OH 


C,,H,,—CH ,—CH—CH—CH—CH—CH—COOH 
XVII) 
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of which are 3-hydroxy-5-keto-« ompounds 


luction. 


ites om thes rec 


of Mycobacteria are incapable of syn- 


neest chain free fatty acid is tetracos- 


strains have the general structure 


CH—COOH 


XIX 


iCH, with one hydroxyl group. 
» that Karlsson™ has found mutants of Mvyco- 
c acid acts as growth factor: it seems obvious 


ile as starting material for the synthesis of 


up the actual knowledge of the biosynthesis of branched- 

pounds by Mycobacteria and Actinomycetes in general as 

e condensation of a straight-chain (usually even-numbered) acid 

COOH on the C-a atom of an acid R°—CH,—COOH gives methyl- 

ched fatty acids when R” is methyl, and gives mycolic acids when 
mnger alkyl group. 

ly to the biosynthesis of straight-chain fatty acids, these con- 

8-hydroxy-acids R’—CHOH—CHR’*’—COOH, which 

lrated to a,f-unsaturated acids R’—CH=CR*—COOH 

to saturated acids R ( H, CHR*—COOH. Examples of 

ther of these three stages can be found in many bacterial lipids*. 

t is interesting that each mechanism of biosynthesis of fatty acids in 


acid-fast bacteria seems to have an optimum range of molecular size: 


OH 
stages have been found, ¢.g.: CH,—CH-—CH—COOH, 


CH, 
COOH and CH,—CH,—CH—COOH (Saz and Weil", and personal 


CH, CH, 
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normal fatty acid synthesis stops at C,,, branched acids with several methyl 


groups have 21 to 34 carbon atoms, whereas mycolic acids have 32 to 88 


carbon atoms. 


Mycolic acids, as well as their esters with carbohydrates, are potent 


producers of tubercles in vive*®; we shall see that ely olipids and peptido- 


glycolipids containing 50-88 per cent mycolic acid have other interesting 


biological activities. 


DELAYED TYPE OF HYPERSENSITIVITY 


The injection of tuberculin, a protein (or mixture of proteins) secreted by 
the tubercle bacillus into the culture filtrate, is not sufficient to produce the 


typical “ tuberculin hypersensitivity”. Raffel?! has shown that one can 


elicit this hypersensitivity by simultaneous injection of tuberculin and a 
purified wax fraction. It was later found that all esters of mycolic acid 


with carbohydrates are active®?. 


Amongst the lipids produced by tubercle bacilli, a particular wax fra: tion, 
called wax D, is also active in this respect. We shall say more about this 


fraction later. 


THE TOXIC FACTOR 


The toxic factor has been called “ cord factor ”, because it is found in 


“ cord forming ” organisms, i.e. virulent and attenuated strains which grow 


in the culture medium in “ serpentine cords "3, One intravenous injection 
of 20ug¢ of natural cord factor kills mice within 10-20 days; haemorrhages 
in the lung are the principal lesions observed. 


Cord factor has been isolated in a pure state after repeated chromato- 
graphic purifications on magnesium silicate and silicic acid, and its structure 
as the 6,6’-dimycolate of trehalose (XX 10 CH,) estab- 
lished by degradation*4, and by synthesis®. °*, starting from trehalose and 
natural mycolic acids. 
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* Cord factor ” 
alkaline reductive cleavage | methylation ; 


hydrolysis | with LiAlH, alkaline hydrolysis 


| 
Mycolic acid Mycolic alcohol Methylated 
CygH mycolic acid 


Trehalose 2,3,4,2',3’,4'- 
C,,H,.O,, Hexamethy! trehalose 


acid hydrolysis 


Trehalose 2,3,4-Tri-O-methyl- 
octa-acetate p-glucose 


m.p. 81-82° 


K-Gluconate 


Simple, synthetic mycolic acids, such as (XX1) obtained by condensation 
of two molecules of methyl docosanoate, have also been esterified with 
trehalose and have yielded “ small cord factors ”’, e.g. (XXII 
which show approximately the same biological activity as natural cord 


factor. 


4 
| oxidation 
| 
| 
| 
| 
C 
H 3 Cc ( CH. ) LA CH COOH 
CH,0—CO—CH-—-CH 
H Ay H H H 
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The most specific method of obtaining 6,6’-diesters of trehalose is to heat 
6,6'-ditosyl trehalose (XXIII), with two molecules of the potassium salt of 
an acid’, 


CH20—Ts 


» 


H 


Concerning the relation between chemical structure and cord factor 


activity, the following preliminary statements have been made** on the 
basis of unpublished experiments by Bloch with compounds prepared in 
the author’s laboratory: 6-mycolates of monoses (D-glucose, p-galactose, 


p-glucosamine, e.g. (XXIVa, b) ) are toxic, but to a lesser degree than 
trehalose esters; the corresponding 2-mycolates (XXV) and mycolamides 


XXVI) are not toxic. 


O—COCHs 
CH,O—CO 
CouHes 
HA 
} H 
H R 
(aR: OH 
(b)R= NH—COCH, 


(XXIV) 


-0 

H \H 
OH H 

HONG oon, O—COCH, 
H CH—CH CéoHi20 (OCHS) 
Oxy) C2,Hag 


H \ 
on H,OH 
HO \ H/ OH 
H NH—CO—CH ~ CH— Cg Hi29 (OCH) 


(XXVI) 


H2 
H /L —\ 
HO -C/ OH 
H OH H 
4 (XXIII) 
> 
H 
CH,0H 
CH20H 
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The 6,6'-dimycolates of trehalose seem more active than the 6-mono- 
or 2,6,6'-trimycolates. 


Acetylation of the 8-hydroxyl of mycolic acid diminishes only slightly 
the activity of cord factor; fully acetylated cord factor is inactive. 

The influence of the structure of the acid esterifying trehalose can be 
characterized as follows: even behenic (docosanoic) esters of trehalose are 
active, but doses larger than 0-1 mg are necessary. The 6,6’-diester of 
trehalose with the synthetic mycolic acid C,,H,,O, (XXI) has about 50 per 
cent of the activity of natural cord factor. Dehydration of the latter acid 
gives the unsaturated acid (XXVII): 


H,C—(CH,) =C—COOH 


XXVII 


which, as the 6,6’-diester of trehalose, is inactive at 0-1 mg dose levels. 
Concerning the mechanism of action of cord factor, Kato et al. have 
found that injection of cord factor decreases the activity of most DPN-linked 


dehydrogenases. 


For reviews on cord factor, see Lederer®* and Noll?9. 


INCREASED PRODUCTION OF ANTIBODIES 


Freund’s adjuvant, consisting of a water-in-oil emulsion containing 


killed Mycobacteria in the oil phase and the antigen in the aqueous phase, 


has been widely used by immunologists for increasing antibody production 


in animals. Freund*! has reviewed our knowledge of the mode of action 
of this type of adjuvant. 

After the preliminary experiments of White et al.42 with a “ purified wax 
fraction ”, we showed with White ef a/.** that a particular wax fraction of 


human strains of M. tuberculosis can effec tively replace the whole bacilli in 
Freund’s adjuvant mixture. 

rhis wax fraction, which we call wax D*-?, is extracted from the 
bacilli with chloroform and can be separated from other wax fractions as a 
result of its insolubility in boiling acetone. 


The wax D fractions of human strains of tubercle bacilli are high-melting 
dextrorotatory solids which represent 6-8 per cent of the dry weight of 
virulent strains, but only about 2 per cent of non-virulent strains*4, 


A recent study of the chemical structure of wax D has shown that it is 


a high molecular weight lipid, and that the composition and molecular 
weight varies from strain to strain. The best analysed wax D fraction, 


that of the human virulent strain “‘ Brévannes ”, has a molecular weight of 


about 54,000. On saponification, about 50 per cent of mycolic acid 


Cy5H 760, is obtained (corresponding to approximately 22 molecules) and 
90 per cent of a water-soluble portion. This latter is a peptido-muco- 


polysaccharide and seems to be homogeneous on ultracentrifugation and by 
immunological reactions. 
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The carbohydrate moiety of this peptido-mucopolysaccharide contains 
the following sugars: p-arabinose, p-mannose, D-galactose, glucosamine and 
galactosamine*; traces of muramic acid are present, probably as an im- 
purity. 

The peptide moiety of wax D of human strains is of particular interest, 
because the analogous wax D fractions of bovine and saprophytic strains, 
which are nitrogen-free glycolipids, are inactive as adjuvants; thus, the 
peptide moiety seems to play a definite réle in the adjuvant activity of 
wax 

It had already been found several years ago that wax D fractions of all 
human strains investigated contain the same three amino-acids: meso- 
diaminopimelic acid, glutamic acid and alanine*®. 

The particular wax D of the strain “ Brévannes ” which was studied in 
detail contains two molecules of meso-diaminopimelic acid (DAP), two 
molecules of p-glutamic acid (Glu) and three molecules of alanine (Ala), 
one of which is p. The presence of several amino-acids of “ unnatural ” 
configuration is quite remarkable. A tentative structure for wax D of the 
human virulent strain “ Brévannes ” of M. tuberculosis has been proposed® 
as follows: 


Polysaccharide: 
-~170 molecules 


of: 


meso-DAP 


Hexosamine Galactose ~22 molecules 
linkage linkage | Mannose mol. wt. 27,000 
Glucosamine 

Galactosamine 
mol. wt. 26,000 


p-Ala 
p-Glu 


9 
2 t-Ala amide glycosidic] Arabinose mycolic acids 
2 


Quite recently, it has been shown that these seven molecules of amino- 
acids form a heptapeptide, and the sequence of amino-acids in this hepta- 
peptide has been established as: meso-DAP.p-Ala.p-Glu.p-Glu.L-Ala.meso- 
DAP.1-Ala*’. 

From the products of the partial acid hydrolysis of the water-soluble 
part of wax D, a compound was isolated containing one molecule of meso- 
DAP, one of galactosamine and one of arabinose. Galactosamine was 
found to be linked to a carboxyl-group of meso-DAP. This shows that 
the heptapeptide is linked by a carboxyl from one of its meso-DAP mole- 
cules to galactosamine, which is itself joined by a glycosidic linkage with 
arabinose, one of the components of the polysaccharide moiety. A second 
linkage probably exists between one carboxyl-group of p-glutamic acid and 
arabinose*’, 

It should be mentioned that delipidated bacterial residues of human, 
bovine, avian and saprophytic strains are also active adjuvants; this can be 
explained by the fact that these residues contain essentially cell-walls. It is 

* The optical configuration of these amino-sugars has not yet been determined; however, 


Haworth et al.“* have found p-glucosamine in a “ lipid-bound ”’ polysaccharide of M. tuber- 
culosis closely related to the polysaccharide of wax D. 
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known that mycobacterial cell-walls are mainly composed of three amino- 
acids (alanine, glutamic acid, and x,€-diaminopimelic acid) linked to a 
polysaccharide containing arabinose, mannose. galactose and muramic 
acid**, They thus have an overall composition very similar to that of the 
water-soluble part of wax D of human strains. 

The adjuvant activity of wax D of the human strain of M. tuberculosis is 
probably due to its general chemical analogy with the cell-wall, and one 
might consider the cellular reactions which result in the increase of antibody 
production as a general reaction of the tissues of the higher organism to 
contact with mycobacterial cell-walls. 


DEVELOPMENT OF RESISTANCE TO INFECTION 


Boquet and Négre*. of the Pasteur Institute, Paris, have shown long 
ago that methanol extraction of acetone-defatted tubercle bacilli yields an 
extract which possesses immunizing properties. They had called this crude 
fraction “ antigéne méthylique ", and Macheboeuf ef a/.5" had shown that 
phospholipids are the main antigenic components of this extract. 

More recently, Weiss and Dubos*®? have confirmed the findings of Boquet 
and Négre*, and have studied the preparation of active extracts and some 
biological aspects of immunization. 


CH, OCOR 


CH-——-OCOR’ 
0 


he interesting biolog i al properties of the crude phospholipid 
traction, we have undertaken a more detailed study of its constituents. 


It was already known from the work of Anderson! that mycobacterial 
phosp! pids contain inositol and mannose We have found with Mrs 
Vilkas that a phosphatidyl-inosito-dimannoside is the principal component 
of these phospl pids, and we have proposed for this compound formula 
XXVIII), in which inositol is linked to the C-1! or C-3 atom of the meso- 
nosit and in which the exact position of the 6-O.- -D-mannopyranosido- 
D-mannopyranose is not yet known Ihe fatty acid molecules linked to 
ire normal and methvyl-branched ( ‘6 to acids 

[he phosphatidy|l-inosito-dimannoside is accompanied by other phospho- 
lipid amongst which a phe sphatidyl-pentamannoside** ~" and a phos- 


phaudyl-pentagluc oside™ are most remarkable. 
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CHEMISTRY AND BIOCHEMISTRY OF SOME BACTERIAL LIPIDS 


In the course of recent immunization experiments conducted in collabora- 
tion with Bloch, Vilkas obtained fractions of phospholipids which produc c 


(in 20 yg doses) a distinct increase in survival time of mice; the main 
constituent of these high-melting, strongly dextrorotatory fractions seems 
to be a phosphatidyl-inosito-trimannoside* 


THE MYCOSIDES, TYPE-SPECIFIC GLYCOLIPIDS 


Smith ef a/.57. °*, using the combined techniques of chromatography and 
infra-red spectroscopy, were able to show that some lipid compounds are 
limited in distribution to a single species of micro-organism; their presence 
or absence may thus serve to distinguish between various species of Myco- 
bacteria. 

The distribution of these substances in the various species of Mycobacteria 
is as follows®*: (i) phthiocerol dimycocerosate is present in the lipids of 
28 out of the 30 human strains studied; (ii) a compound, first called Gp, 
is present in all 7 bovine strains studied; (iii) a compound, first called Ga, 
is present in all 17 photochromogenic strains studied; (iv) a compound, 
called Jav, is present in 11 out of 13 avian strains, and also in 3 out of 6 non- 
photochromogenic strains. 

As it was then shown® that compounds Ga, Gg and Jav are glycolipids, 
containing characteristic O-methylated 6-deoxyhexoses in glycosidic linkage, 
it was suggested that these compounds be called “‘ mycosides ”’; a mycoside 
is defined as a “ type specific glycolipid of mycobacterial origin ’™, 

Mycoside A (the former Ga) is a nearly colourless solid, melting at 105°, 
lalp 37°; it contains three different O-methylated 6-deoxyhexoses, 
which have been identified as 2-O-methylfucose, 2-O-methylrhamnose and 
2,4-di-O-methylrhamnose®. The lipid moiety of mycoside A is a di- or tri- 
mycocerosate of an aromatic alcohol with a typical ultra-violet light absorp- 
tion spectrum (maxima at 222, 274 and 278 my in hexane 

Mycoside B (the former Ga) is a colourless wax melting at 25°, [a]p 

22°; it has approximately the same ultra-violet light absorption maxima 


as mycoside A; the probable molecular formula is C,,H,,¢O mycoside B 


103 
contains only one sugar, identified by MacLennan e¢ al.” as 2-O-methyl- 
rhamnose. 

Ihe lipid moiety of mycoside B has the formula C,,H,,O, and is a 
diester of two molecules of a branched-chain acid fraction of mean molecular 
composition C,,H,,O,, with a methoxylated phenolic triol C,,H,;,O,. In 
mycoside B, the deoxyhexose is linked glycosidically to the one phenolic 
hydroxyl-group of the lipid moiety (Demarteau-Ginsburg and Lederer, 
unpublished experiments). 

\ycoside C differs from the other mycosides by its nitrogen content, 
which is due to the presence of several amino-acids; mycoside C is a peptido- 
glycolipid; as a matter of fact, it is a mixture of closely-related compounds 
which can be separated by chromatography on silicic acid; three of the 
fractions thus obtained have been investigated in more detail (see Table 2)*'. 

The peptide portion of these three fractions contains three different 
amino-acids linked in a pentapeptide: one molecule of p-phenylalanine 


* More recently, the immunizing activity of this faction has been rather irregular. 
g 
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~threonine (Thr) and two molecules of 
+ 8 has the structure: 


» Dhr.p-Ala. 


constitucnt amimno-ac ids, and the 


ad not previously been isolated from 


,4-di-O-methylrhamnose 
It can be see iron 2 iat fraction I 17 contains 


deoxvhexoses é ¢ other two fractions contain 


of these mycoside C preparati as not yet been fully 
mixture of and unsaturated 


lecular formu ¢ saturated acids 


’ Iwo O-acety] groups are also present 


fraction III/7 , the tentative structure 


xytalose 

ethyl-6 
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In this structure, the terminal carboxyl group of p-alanine is not free but 
esterified with a hydroxyl group of one of the sugar molecules. As the 
three mycoside C fractions studied all have two molecules of p-allo-threonine 
and two O-acety! groups, it is assumed that the acetyl groups are esterified 
to the hydroxyl groups of allo-threonine. 

Amongst the apparently type-specific lipids, we might also mention a 
sugar-free peptido-lipid isolated from the pathogenic Ac tinomycete Nocardia 
asteroides™*; this fraction is a mixture of closely related compounds, m.p. 
215-217°; [al]p + 44-5°, consisting of 30 per cent of a lipid moiety of 
approximate molecular formula C,,H,,O,, joined by an amide linkage to 
an oligopeptide containing the following six amino-acids: threonine, 
alanine, valine, isoleucine, leucine and proline. Two-thirds of the alanine 
and isoleucine are p-; here again the presence of p-amino-acids is note- 
worthy®?, 


CONCLUSION 


In the course of a detailed study of the relations between biological 
activity and chemical structure of bacterial lipids, we have determined the 


structure, and mechanism of biosynthesis, of high molecular weight branched- 
chain hydroxyacids. New types of glycolipids and peptido-glycolipids 
have been isolated, and their chemical structures have been defined: their 
interesting biological activities have been charac terized. 

The simultaneous presence of several lipophilic and hydrophilic groups 
in the same molecule confers to glyco- and peptido-glycolipids peculiar 
physicochemical properties (such as emulsifi ation, detergent action, 
etc. . . .) which might explain many of their biological activities and which 
open new fields of investigation. 

Whereas b-amino acids had previously been known to exist only in anti- 
biotics and in bacterial cell-walls, the work described above shows that they 
are also frequent constituents of liposoluble bacterial products, such as 
peptido- and peptido-glycolipids. This might indicate a close biochemical 
and physiological relationship of these products with cell-wall. 


The work of our group has been greatly facilitated by large supplies of bacteria, due 
to the kindness of Drs 7. Tréfouél and J. Bretey (Institut Pasteur), by several 
grants from the “ Fondation Waksman pour le Développement des Recherches micro- 
biologiques en France’ and, more recently, by Grant E 28-38 of the National Institute 
Jor Allergy and Infectious Diseases (National Institute of Health, Bethesda, Md., 
U.S.A.). 
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THE BIOSYNTHESIS OF POLYISOPRENOIDS 


J. W. Cornrortu 
National Institute for Medical Research, London, U.K. 


To a chemist, a natural product may be a structural problem, an objective 
for synthesis, an exhibitor of chemical and physical properties, or perhaps 
mere raw material. The tendency to regard it as a sample of the living 
organism’s synthetic power is more recent, and experimental investigation 
of that power is more recent still. Such experiments depend on the use of 
isotopic tracers, and they alter the traditional objectives and values in an 
interesting manner. Thus, before isolation of a natural product, the 
organism must be induced to make it from an isotopically labelled precursor ; 
chemical degradations are directed not to elucidation of structure but to 
unambiguous location of labelled atoms; and complicated and novel 
syntheses may be needed to prepare a specifically-labelled intermediate. 
And, eventually, the student of biosynthesis may find himself looking on 
certain large classes of natural products not—as he ought to do—as rich 
collections of beautiful chemistry, but as conglomerations too variable to 
be of great importance in the fundamental chemistry of life, where universal 
occurrence of the same or very similar substances seems to be the rule. 

And yet—it was the very existence of large classes of chemically related 
natural products that stimulated the first speculations on biosynthesis. As 
Robinson has pointed out!, these hypotheses, of which his own on alkaloids 
and Ruzicka’s on terpenes are the most notable examples, were based on 
structural grounds; indications of the exact chemical nature of precursors 
could not be precise. That, even so, they often came near the truth is a 
tribute to the chemical intuition of the pioneers, and perhaps also a sign 
that enzymic processes do come within the scope of an intuition developed 
by the contemplation of reactions in vitro. It is pleasant to record that a 
structural speculation, made long before it could have been verified, assisted 
the establishment of squalene as a crucial intermediate in the biosynthesis 
of many polyisoprenoids; but it is even more satisfactory to note how 
hypotheses both structural and mechanistic have blended with chemical 
and biochemical experiment in piecing together the story which I hope 
now to unfold. 

Actual work on the biosynthesis of polyisoprenoids began with the 
recognition that acetic acid is an important precursor of steroids. Sonderhoff 
and Thomas? found in 1937 that a large excess of deuterium is present in the 
unsaponifiable fraction—mainly ergosterol—of yeast grown in a medium 
containing trideuteroacetic acid. This result was extended to animal 
tissues by Bloch*, whose studies, at first with Rittenberg and later at the 
head of his own group, outweigh all other contributions to knowledge of 
steroid biosynthesis. 

When the carbon isotopes, especially }*C, became available as tracers, it 
was quickly shown that both carbon atoms of acetate were incorporated 
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into cholesterol, the methyl carbon to a somewhat greater extent. But 
the prospect of obtaining more detailed information first became apparent 
when Little and Bloch* degraded cholesterol, biosynthesized from isotopic 
acetate, to fragments representing some individual carbon atoms of the 
side-chain. Those positions in cholesterol which were labelled when 
methyl-labelled acetate was the precursor were inactive when carboxyl- 
labelled acetate was used, and the converse was also true. Moreover, 
quantitative comparison of the radioactivities of cholesterol and of the 
fragments indicated that all 27 carbon atoms of cholesterol could originate 
from acetate; about 15 from methyl and 12 from carboxyl groups. 

It was remarkable that from so simple a precursor an obviously com- 
plicated biosynthesis occurred without that mixing of labels which confused, 
for example, studies on biosynthesis of aromatic amino-acids and on the 
photosynthetic fixation of carbon dioxide. However, the opportunities in 
animal metabolism for acetate to mix its labels are limited. Methyl- 
labelled acetate can, indeed, be converted into carboxyl-labelled acetate by 
becoming involved in the citric acid cycle, and this effect seemed to operate 
to a small extent in our own preparations of cholesterol. Even so, the 
pattern of labelling in cholesterol appeared perfectly clear-cut, and the 
complete elucidation of that pattern a worthwhile object. The experimental 
method was to prepare two specimens of radioactive cholesterol, one 
biosynthesized from acetate labelled with 'C in the methy! group, the other 
from acetate similarly labelled in the carboxyl group. The use of rat-liver 
slices and later of rat-liver homogenates for the biosynthesis made this stage 
relatively simple. Then, after suitable dilution, each specimen was de- 
graded so as to obtain, in sufficient amount to measure radioa tivity, frag- 
ments representing cach carbon atom of the molecule. Bloch and his 
collaborators® identified the pattern in the eight side-chain carbons and at 
C-7 of the nucleus*, and obtained evidence on the origin of two other 
nuclear carbons. Popj4k and I, with Hunter? and Youhotsky Gore®, 
identified all the nuclear carbons exce pt C-7. Dauben® and collaborators 
independently investigated C-7 and, by their extensive degradations of 


and el 


went far to est: h in these two substances 


the same pattern that emerged from the st idies on cholesterol. 
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But, long before this work was complete, the pattern of labelling in the side- 
chain had recalled to Bloch a suggestion put forward by Bonner and 
Arreguin!® for the biosynthesis of the rubber hydrocarbon from acetate. 
The idea was wrong, but had enough truth in it to give for rubber a pre- 
dicted distribution of methyl and carboxy] carbons similar to that found in 
the side-chain of cholesterol. This hint of a relationship between steroids 
and terpenes led Bloch to examine the old hypothesis that squalene is a 
precursor of cholesterol. With the help of '4C, it was not too difficult to 
prove!® that squalene was indeed produced from acetate in vivo, and that 
this squalene was further transformed quite efficiently into cholesterol. 
Soon afterwards, an important contribution came from Woodward and 
jloch"*, who postulated for squalene a mode of cyclization which could 
lead to the tetracyclic system of the sterols. A particularly interesting 
feature was that the triterpene alcohol lanosterol could be the first product 
of cyclization: 


Squalene Lanosterol 


Evidence was produced, and later fully confirmed, that this mode of cycliza- 
tion was consistent with the actual labelling pattern found in cholesterol 
biosynthesized from acctate, prov ided that the acetate units were associated 
in the expected manner to form squalene. Popjak and I were able to show™, 
by a total degradation of squalene biosynthesized from methyl-labelled 
acetate, that the pattern in squalene was in truth the expected one. The 
complete agreement of the two patterns, given the postulated mode of 
folding for cyclization, is evident. And, when Clayton and Bloch" showed 
that lanosterol is biosynthesized from acetate and converted into cholesterol 
in vive, the sterols took what terpene chemists would consider their proper 
plac ¢ as degenerate triterpenes. 

At this point, the first stage of the investigation could be called complete: 
there was a clear picture of a biosynthesis proceeding from acetate via 
squalene and lanosterol to cholesterol. It remained to fill in gaps between 
intermediates, to study the enzymic reactions mediating cach stage, and 


thus to arrive at as complete an understanding of a biosynthetic process as 


is at present possible. 
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The longest gap lay between acetate and squalene, and attempts to 
bridge it were not very successful until 1956. A team at the Merck labor- 
atories had been studying a growth factor which could replace acctate in 
the culture of Lactobacillus acidophilus. Folkers and his collaborators finally 
solated the factor'’, and identified it as an optically-active 3,5-dihydroxy- 
+-methylvaleric acid, now known as mevalonic acid. What the Lactobacilli 
need it for is still, I believe, unknown. It is obviously similar in structure 


HO CH, HO. _CH, 


HOCH, COOH H,C. Cc HOOC COOH 
‘ev 


Mevalonic acid Mevalonic lactone 3-Hydroxy-3-methy]- 
glutaric acid 


to 3-hydroxy-3-methylglutaric acid, which was known at the time to be 
built up, with the ¢ xpected labelling pattern, from acetate in the liver, and 
¢ as a source of carbon for cholesterol, albeit a poor one, in the rat. 
lavormina, Gibbs and Huff" were inspired by this structural similarity to 


prepare racem« mevalonate labelled at ( 2 with 4C and to try it asa 


to serv 


precursor of cholesterol. In the event, over 40 per cent of the radioactivity 


of the acid was incorporated into cholesterol by a liver homogenate. Since 


t | that e¢ enantiomorph of mevalonate is used. and that 

e-sixth of the radioactivity of this is lost on the way to cholesterol, the yield 
first re ted i ndeed ightly more than 100 per cent, but the excess 
\ dhe t experimental error. Soon afterwards, Tavormina and 
Gibbs’ s ed that radioactivity in the carboxy] group ol mevalonate was 
not incorporated at all into cholesterol, but lost as carbon dioxide during 
b nthes 

| ill raAcTSs on polyisoprenoid biosynthesis, these discoveries came 


like an answer to prayer Here was a substance. obviously related to 


xy-3-methylglutarate and thence to a etate, which was capable of 


me carbon atom to give a branched ( s unit. More, the loss of two 
additional molecules of water could give isoprene itself, the basis of Ruzicka’s 
structural hypothesis on the biogenesis of terpenes, 


It was, Ol course, necessary to he sure that these carbon atoms of mecva- 


lonate were being used without prior dissociation. Popjak and I, with 
Mrs Cornforth and Youhotsky Gore. were able 


to show™ that 2-'4*C-.meva- 
lonate, when incubated with liver prey 


arations in the absence of oxygen, 
was largely incorporated into squalene rather than into cholesterol, and a 
total degradation of the squalene thus synthesized revealed only six labelled 
positions, the positions predicted for integral incorporation of the C, unit 
into squalene. This is shown in the diagram below, black circles being 
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used to indicate the labelled positions in squalene, lanosterol and cholesterol 
biosynthesized from 2-'*C-mevalonate: 


“NA 
q 


Cholesterol 


Dituri, Gurin and Rabinowitz*! independently produced similar evidence, 
and Isler and this group** have done much the same thing for cholesterol 
biosynthesized from 2-'*C-mevalonate; here, measurements of radioactivity 
indicated five labelled positions of which three were found where expected. 
The sixth radioactive atom is incorporated into a ring A methyl group of 
lanosterol and is lost. 

With mevalonate as a very conveniently placed landmark on the path of 
biosynthesis, the mapping of earlier and later stages was made easier, and 
it became profitable to use fractionated enzyme systems, mainly from liver 
and yeast, which could carry out only a limited number of stages. It is 
possible that every intermediate between acetate and lanosterol has now 
been identified, and many of the enzymes responsible have been extensively 
purified as well. 

The first two stages (see Scheme 1), conjugation of acetate with coenzyme A 
and condensation to ac etoacetyl-coenzyme A, are not peculiar to polyiso- 
prenoid biosynthesis and are well-known. Both are reversible, and this 
seems to have defeated attempts** to demonstrate incorporation of aceto- 
acetate into cholesterol as a C, unit. 

The condensing enzyme which, from acetyl- and acetoacetyl-coenzyme A, 
produces 3-hydroxy-3-methylglutaryl-coenzyme A has been studied and 
partially purified by Rudney and Ferguson®*, It is known that the molecule 
of coenzyme A liberated during condensation is the one present originally 
as acetyl-coenzyme A. Also, it is known that the product must have the 
absolute configuration shown, for Rudney demonstrated that only one-half 
of a synthetic preparation, but all of an enzymically produced specimen, 
could act as substrate for reduction to mevalonate. The condensation is 
not readily reversible, though there is another enzyme*®> which breaks down 
the product to free acetoacetate and acetyl-coenzyme A, 
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Scheme 1. Biosynthesis of mevalonic acid 
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3-Hydroxy-3-methylglutaryl-coenzyme A seems also to be involved in the 
metabolism of the amino-acid leucine (see Scheme 1). Oxidative breakdown 
of leucine can give isovaleryl-coenzyme A and thence 3-methylcrotonyl- 
coenzyme A. From work by Coon* and Lynen?’ it is known that this can 
be carboxylated enzymically, and that the glutaconic ester so formed can 
be hydrated by an enoyl hydrase (methylglutaconase) to hydroxymethyl- 
glutaryl-coenzyme A. Thus breakdown of leucine can be associated with 
biosynthesis of steroids and terpenoids, though to what extent this actually 
occurs is uncertain, 

The next enzymic step produces mevalonic acid directly (see Scheme 1). 
The immediate reducing agent seems to be triphosphopyridine-nucleotide, 
the group operated on is the thiol ester, coenzyme A is liberated (never to 
participate again in the biosynthesis), and the process seems to be practically 
irreversible. One might expect a reaction of this sort to proceed via an 
aldehyde as intermediate, but attempts to trap this aldehyde, mevaldic acid, 
have been uniformly unsuccessful. The enzyme has been studied by the 
groups of Lynen** and Rudney®; its mechanism should be interesting to 
study, for irreversibility in a process of this kind is not usual; and further, 
the biosynthesis of polyisoprenoids in the tissues so far studied seems to be 
cut off at this point from other metabolic processes and to proceed almost 
undisturbed to its goal. 

The chemistry of mevalonic acid, and of its lactone which is easily formed 
and hydrolysed, has been extensively studied; and six or seven syntheses 
have been devised, one or other of which would permit almost any type of 
labelling. Natural mevalonate, the growth factor for Lactobacilli, is optically 
active and gives a benzhydrylamide which is laevorotatory in ethanol. 
We have shown that, when racemic 2-'C-mevalonate is fed to rats®, 
approximately half the radioactivity is excreted in the urine, and that this 
is recoverable as a dextrorotatory mevalonyl-benzhydrylamide. Nearly all 
the retained radioactivity is found in cholesterol. Thus the enantiomorph 
which is the growth factor for Lactobacilli is also the precursor of steroids. 

The absolute configuration of mevalonic acid has been deduced by 
Arigoni*! by a chemical correlation with quinic acid, which had itself been 
correlated with p-glucose. Mrs Cornforth and I were recently able to 
make a further correlation by means of a synthesis (see Scheme 2) which was 
designed to obtain optically active mevalonic acid in quantity, resolution of 
the racemic acid being particularly difficult. We started from (—)-linalool 
which is commercially available. A Brown reaction of this with boron 
hydride in tetrahydrofuran was followed by oxidation with alkaline hydrogen 
peroxide, when the expected triol was formed in high yield. Two of the 
hydroxyl groups were “ tied up” by reaction with acetaldehyde, and the 
third was then oxidized by chromic acid in pyridine to a ketone. This 
was formylated with methyl formate and sodium methoxide. The crude 
hydroxymethylene-ketone was smoothly converted with sodium periodate 
into mevalonic acid, isolated as the crystalline lactone. 

We had expected, on the basis of the absolute configuration assigned to 
linalool by Prelog and Watanabe*? in 1957, to obtain “ natural ” mevalonic 
acid from this synthesis, and it was an unpleasant surprise to find that the 
benzhydrylamide was dextrorotatory and the acid enzymically inert. The 
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Scheme 2. Synthesis of mevalonic acid from linalool 
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‘unnatural ” isomer had in fact been formed. Examination of the evidence 
showed that the assignment of configuration to -linalool, which was 
founded on an asymmetric synthesis of tetrahydro-linalool, contained an 
error of interpretation, and that the configurations assigned to the two optical 
isomers must now be reversed**. It was satisfactory that the method of 
asymmetric synthesis then gave yet another result in agreement with that 


of direct chemical correlation; but we were not pleased, for (+-)-linalool 


is hard to come by. 


It has been found convenient by Bloch and by Lynen to study the stages 


between mevalonate and squalene in enzyme systems prepared from yeast, 
and Popjak has now overcome the difficulties of demonstrating that the 


same processes also occur in liver. The first step is a phosphorylation of 
the primary alcoholic group in mevalonate (see Scheme 3). The “ natural ” 
enantiomorph is the only one attacked; the enzyme, called mevalonic 
kinase, has been extensively purified from yeast by Tchen** and from liver 
by Levy and Popjak*®. Adenosine triphosphate is the phosphorylating 


agent, and the product can readily be isolated. It is sometimes convenient 
to use biosynthetic 5-phosphomevalonate instead of racemic mevalonate in 
enzymic reactions where the presence of “ unnatural ” mevalonate would 


be a complication. To separate and identify the hydrophilic substances 
encountered in this region of the biosynthesis, paper chromatography and 
paper ionophoresis have been used extensively, and information on the 
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Scheme 3. Enzymic conversion of mevalonate to iso-pentenyl pyrophosphate 


H,C CH, 


HO—CH, COOH H,O,P—O—CH, COOH 


+ATP | —ADP 


H,O,P—O CH, 
> 


JA \ \ 
H,C (om H,C CH, 


| - | 
H,O,P,O—CH, C H,O,P,—O—CH, COOH 


Oo 


H,C CH, 


H,O,P,—O—CH 2 
Isopentenyl pyrophosphate 


nature of intermediates was also gained by using **P in conjunction with 'C, 
Thus, it was shown™, 37 that the first phosphorylation is immediately 
followed by another, to give a pyrophosphoric ester. 5-Phosphomevalonate 
has so far been synthesized only as a racemate. Enzymically formed 
5-phosphomevalonate is laevorotatory, [a]p = — 6:1°. 

It is in the next stage that the superfluous carboxyl group of mevalonate 
is lost. The process can be formulated as a dehydration—decarboxylation 
of a not unfamiliar type; however, adenosine triphosphate is a necessary 
cofactor, and it was shown**, by using isotopic phosphorus in its terminal 
phosphate group, that this group is set free as orthophosphate during this 
reaction. Bloch** has recently prepared diphosphomevalonate labelled at 
the tertiary hydroxyl group with !8O, and has shown that the isotope appears 
in this inorganic phosphate. The presumption is that ATP first phos- 
phorylates the tertiary hydroxyl group, and that a concerted elimination of 
orthophosphate and carbon dioxide then occurs. That the process is 
concerted and not an elimination followed by a decarboxylation seems to 
follow** from experiments indicating that tritium is not incorporated from 
the medium during the enzymic reaction. 

The product of this elimination is isopentenyl pyrophosphate, an inter- 
mediate discovered and synthesized by Bloch’s and Lynen’s groups** 
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It will be noticed that this substance is isoprene + pyrophosphoric acid, 
and it can, in fact, be regarded as the actual chemical basis of Ruzicka’s 
isoprene rule. Its conversion into squalene and cholesterol by suitable 
enzyme preparations without ATP has been demonstrated. With the 
newer methods of phosphorylation now available to make its synthesis more 


convenient, it may well become the precursor of choice for experiments on 


terpenoid and carotenoid biosynthesis in plants. 

Isopentenyl pyrophosphate has a terminal isopropenyl group, whereas 
squalene, rubber, and many acyclic polyterpenoids have terminal iso- 
propylidene groups. It was, therefore, reasonable for Lynen*? and colleagues 
to postulate a prototropic change to dimethylallyl pyrophosphate as a 
preliminary to the association of C, units, and he was able to find in yeast an 
enzyme able to effect this change reversibly with artificially introduced 


radioactive substrate: 


HC 


H,O,P,—O—CH, 


H,O,P,—O—CH, 


Dimethylally! pyrophosphate 


hat the change was an essential one for biosynthesis of squalene could also 
be demonstrated*’, for the enzyme happened to depend for activity on a 
sulphydryl group which could be blocked by iodoacetamide. An enzyme 
preparation so treated could not synthesize squalene from isopenteny! 
pyrophosphate alone, but could do so when dimethylallyl pyrophosphate 
was also added. Thus it was shown not only that isopentenyl pyrophosphate 
is isomerized to dimethylallyl pyrophosphate, but that isopentenyl pyro- 
phosphate 1S required again at a later Stage. 

learly, the movement of the double bond to form an allyl pyrophosphate 
would facilitate the separation of pyrophosphate ion either by ionization 
or by nucleophilic attack—for example, attack by the available electrons 


616 


wall 
CH, CH, 
H 
H.C CH, || CH, 
H,O,P,—O—CH, 
CH, 
C 
HC CH, 
j 
ge 
3 


THE BIOSYNTHESIS OF POLYISOPRENOIDS 


from the double bond of isopentenyl pyrophosphate. The product, which 
could also, of course, be formed from the olefin and a dimethylallyl cation, 
might then lose a proton to give geranyl pyrophosphate: 


H,O,P,—O—CH, 


H,O,P,—O—CH, 


Gerany! pyrophosphate 


and Lynen*® has recently obtained evidence that this substance, which he 
has synthesized, is indeed formed as an intermediate by his yeast enzyme 
system. Condensation of geranyl pyrophosphate with a third C, unit would 
then lead to farnesyl pyrophosphate. This also was identified as an inter- 
mediate by Lynen®, and it was recently synthesized by Cramer“ using a 
modification of his excellent trichloroacetonitrile method. 
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rhe precise mechanism by which C, units are associated is still open to 
discussion. Johnson™ recently put forward the interesting suggestion that 


the pyrophosphate group on the isopenteny! pyrophosphate also facilitates 


the reaction by an effect of the same kind as is observed. for instance, in 
the formation of bromo-lactones from bromine and some unsaturated acids. 
According to this idea, a cyclic phosphate is a stabilized intermediate, and 
is later cleaved to generate the double bond in a new position. The postu- 


lated mechanism may be represented thus 


H,O,P,-O—CH, 


In fact, a solvolysis of benzhydryl chloride in the presence of a suitable 
unsaturated acid was shown to give carbon-carbon bond formation with 
concurrent lactonization. 
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Attractive though it is, the idea does seem to overlook the relatively 
slight tendency of phosphate ions towards nucleophilic attack on carbon, 


Perhaps the negatively-charged pyrophosphate residue may rather act 


clectrostatically to polarize the double bond and at the same time to assist 


removal of the allylic hydrogen. This appears stereochemically possible. 
In gerany! pyrophosphate, in farnesyl pyrophosphate and in squalene, 


there are double bonds capable of geometric isomerism. Natural squalene 


as the clathrate in thiourea is undoubtedly the all-trans-form, as first shown 
by the X-ray crystallographic data of Nicolaides and Laves®. Since 
natural gerany! pyrophosphate and farnesy! pyrophosphate are precursors 
of squalene, the presumption is that they also are frans-, and this is supported 
by the available evidence. Synthetic metabolically, active geranyl pyro- 
phosphate was made from natural geraniol, which Jackman and Weedon*’ 


have conclusively proved to be trans-, by methods which would not be 


expected to alter the geometry of the double bond. As for natural farnesy! 


pyrophosphate, the evidence that this is exclusively in the trans,trans-form is 


also strong. Popjak has obtained a soluble enzyme system from rat liver 


which will convert radioactive 5-phosphomevalonate to a range of isoprenoid 


pyrophosphates. The free alcohols can be liberated enzymically by various 


yhosphatases and examined by gas—liquid radiochromatography**, a method 


which permits automatic recording of the retention time, height and total 


radioactivity of each peak as it emerges from a column of high resolving 


power. In this way isopentenol, 3,3-dimethylallyl alcohol, geraniol and 


farnesol were detected: 


H.C HC 


C—CH,—CH,OH C=CH—CH,OH 


H.C 


lsopenteno! },3-Dimethylallyl alcohol 


CH, 


CH,OH 


CH,OH 


Farneso!l 


as well as a radioactive peak corresponding in retention time to the C,, 
compound geranylgeraniol. Both geranio! and farnesol appeared as single 
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peaks, though the column was easily able to resolve geometrical isomers of 
these alcohols. Geraniol was present as the slower-moving trans-isomer 
and the farnesol peak corresponded to the slower-moving peak of a synthetic 
product consisting of cis,trans- and trans,trans-farnesol*®, 

[he principle of construction of polyisoprenoid chains revealed in all 
these studies is presumably applicable to the biosynthesis of such natural 
products as the carotenoids, though evidence on the point is still confined 
to the demonstration of mevalonate as a precursor. And it is also significant 
that, with substances such as the ubiquinones and vitamins K.,, the polyiso- 
prenoid chain is attached to an aromatic nucleus by the “ tail” carbon. 
If supplied as an allyl pyrophosphate, this carbon, of course, would be open 
to nucleophilic substitution of the same type as in the chain-extending 
process. In long-chain alcohols such as solanesol, in rubber and in gutta- 
percha, we presumably have examples of the continued operation of this 
extension. It is true that in rubber the double bonds are cis-. but the 
stereochemical outcome of the synthesis is determined by the spatial orienta- 
tion of each new C, unit added. 

Phe exact nature of the process by which two C,, units are united to give 
the Cy, compound squalene is not yet determined, and has been the subject 
of some recent work by Goodman and Popjak with Mrs Cornforth and myself. 
Farnesyl pyrophosp! 
having been attained by Lynen with a particulate preparation of yeast, and 
in especially high yield by Popj4k with a preparation of rat liver micro- 


ate is undoubtedly a precursor of squalene, conversions 


somes. The process is a reduction, two electrons being required for synthesis 
4 each molecule of squalene, and for this a reduced pyridine nucleotide, 
preferably TPNH, is required. 

\ possible clue to the mechanism was found by Goodman and Popjak*. 


When farnesyl pyrophosphate is hydrolysed by acid—this happens very 


easily—the major product is not farnesol but the tertiarv alcohol nerolidol: 


CH, H,¢ OH 


Nerolide 


accompanied by both cts,trans- and trans,trans-farnesol. This observation is 
easily understood as an allylic rearrangement, but nerolidol also appears, 
though in much smaller proportion, when the natural pyrophosphates are 
hydrolysed enzymically at neutral or alkaline pH; nerolidol was also found 
after fission of the phosphate ester by lithium aluminium hydride. The 
possibility thus raised, that farnesyl pyrophosphate is naturally accompanied 
by nerolidyl pyrophosphate, conceivably produced from it by rearrange- 
ment, led us to put forward® a hypothesis that the coupling of C,, units is 
simply another alkylation of a terminal double bond, here that of nerolidy!l 
pyrophosphate, by an allyl pyrophosphate, here farnesyl. Loss of a proton 
from the resulting cation would lead to a Cy, pyrophosphate still of allylic 
type, which could be expected to lose pyrophosphoric acid with ease to 
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give a conjugated triene, dehydrosqualene, which might then be reduced. 
The postulated reaction is as shown in Scheme 4 pp. 622-3. 

In putting forward this mechanism, we were influenced by some work by 
Rilling and Bloch*! on the uptake and exchange of hydrogen during bio- 
synthesis of squalene from mevalonate. This work may be summarized 
thus: first, that squalene, biosynthesized from mevalonate in which both 
hydrogens on C-5 have been replaced by deuterium, contains not twelve 
deuterium atoms but only about ten; and when this squalene is degraded 
by ozonolysis, the succinic acid from the four central carbon atoms contains 
not four deuterium atoms, but only about two. Secondly, squalene bio- 
synthesized from ordinary mevalonate in a deuterium oxide medium contains 
3-5 to 4 deuterium atoms, and in a parallel experiment in tritiated water 
half the tritium introduced into squalene was found in the succinic acid, 


the other half being furnished by the two hydrogens which are necessarily 


taken up in forming the terminal isopropylidene groups. 

\ll this seemed clear evidence that two hydrogen atoms, both originally 
attached to the oxygenated carbon of farnesyl pyrophosphate, are replaced 
by other hydrogen atoms during biosynthesis of each molecule of squalene; 
if dehydrosqualene were an intermediate such a replacement would, of 
course, be inevitable. 

We therefore devised some experiments to examine the detailed mech- 
anism of squalene biosynthesis. A chemical synthesis of dehydrosqualene 
was one objective, and Mrs Cornforth achieved this quite simply. In the 
first step, farnesol was converted into farnesyl bromide by Rydon and 
* method with triphenyl phosphite benzylobromide. The 
undistilled bromide was immediately treated with triphenylphosphine, 


Landauer’s 


when there was formed a phosphonium salt which with farnesal and sodium 
ethoxide gave dehydrosqualene by a Wittig synthesis. The reaction scheme 
is illustrated as follows: 


Farnesol 


Dehydrosqualene 
he ultra-violet absorption spectrum of this substance corresponded closely 
with that of an analogously constituted natural product, the Cy compound 
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Postulated biosynthesis of squalene 


O-—P,O.H, 
R 


CH CH, 


Nerolidy! pyrophosphate 


Farnesy! pyrophosphate P .O.H, 


P.O,H, 


) 
H 
H 3 O P ),H, 
CH, CH cH) C K 
R C CH, CH CH, 
CH, CH CH R 
RK ( CH CH CH 
CH, 
CH, CH CH ( R 
( CH) CH’ CH, 
Ge 
622 
fi 


THE BIOSYNTHESIS OF POLYISOPRENOIDS 
CH, 


CH 


phytoene. The synthetic product was a mixture of geometrical isomers. 
Preparation of a radioactive dehydrosqualene has not yet been completed, 
for reasons which will become apparent. 

We also wished to check the findings of Rilling and Bloch and to deter- 
mine, if these findings were confirmed, whether replacement of two hydrogens 
occurred at one carbon atom or two: in other words, whether the central 
methylene groups in squalene biosynthesized from 5-D,-mevalonate (or 
from normal mevalonate in deuterium oxide) were —CHD—CHD— or 
—CD,—CH,—. To do this, the degradation of squalene would have to 
be done without the usual dilution with unlabelled carrier. 

Two dideuterosuccinic acids were prepared, the symmetrical isomer by 
adding sodium amalgam to a solution of maleic anhydride in deuterium 
oxide, the unsymmetrical by heating ethane tricarboxylic ester with deu- 
terium oxide at 150°. Succinic anhydrides prepared from these acids gave 
excellently resolved infra-red absorption spectra in potassium chloride 
micro-plates. The two spectra were completely different, and it was demon- 
strated that 120 micro-grams of either anhydride mixed with three times its 
weight of unlabelled anhydride could be identified with certainty. In the 
event, this method did not have to be used, but it showed that deuterated 
succinic acids suffer littke exchange of deuterium on conversion to 
anhydrides. Later, tetradeuterosuccinic acid was made by heating deuter- 
ium oxide with ethane tetracarboxylic ester. 
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The dideuteromevalonate was prepared by adapting an earlier synthesis 


of ours. 4,4-Dimethoxybutan-2-one with methv! bromoacetate and zinc 


gave an acetal-ester which was reduced by lithium aluminium deuteride 

‘98 per cent D”). The product with hydrogen peroxide in acetic acid 
containing a trace of sulphuric acid gave crystalline mevalonic acid lactone 
containing 1-96 atoms of D per molecule, as determined by combustion of 
a diluted specimen of benzhydrylamide. The reaction scheme is given as 


fe ws: 


HO CH, 


O 


BrCH, 


MeO MeO—C CH/OMe 


CH(OMe ( D, CH/OMe 


© © 


pi-5-D ,-Mevalonic acid lactone 


his mevalonate was mixed with a little 2-'4C-mevalonate before bio- 
the radioactivity was needed to measure the amount of squalene 


and also for a check on the 


svnthesis: 
biosynthesized de » in the enzyme system. 
origin of the succinic acid obtained from the squalene by oxidation. Squalene 
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was also made from non-deuterated !C-farnesyl pyrophosphate in (i) a 
deuterium oxide medium, and (ii) a tritiated water medium. Another 
specimen of squalene was made from non-isotopic mevalonate in normal 
water with tritiated TPNH. 

The biosynthetic squalene was purified by repeated separation as the 
clathrate in thiourea. A portion was burned after suitable dilution with 
non-isotopic squalene; the remainder was ozonized without dilution by 
adding it to excess of ozone in ethyl chloride at — 80°. The ozonide was 
decomposed with hydrogen peroxide and acetic acid, and, after destruction 
of excess peroxide, the acids were extracted into ether and the succinic acid 
crystallized by adding a little chloroform to the evaporated extract. Since 
10-20 mg of squalene was available for ozonolysis, the amount of succinic 
acid did not exceed 1-2 mg, and this had to be recrystallized before con- 
version into succinic anhydride. A technique was therefore devised which 
may be of general interest. 

The succinic acid in ether was allowed to flow slowly from a fine capillary 
into a melting-point tube tapered at the bottom and held in a bath at 


50-60° (see Figure 1). When the transfer of succinic acid was complete, a 


Figure 1. Micro-manipulations of succinic acid 


capillary containing 2 pul of water per mg of succinic acid was rested at 
the top of the tube. Brief spinning in a centrifuge forced the water into the 
melting-point tube, which was sealed, heated in boiling water until the 
solid dissolved, spun whilst still hot to collect any sediment at the extreme 
tip, then cooled and allowed to crystallize. The tube was opened at the 
top and broken off near the tip. It was then rested on a constriction 
made in a larger tube, and spun. The crystals could not follow the 
mother liquor through the narrow orifice and they were washed in situ 
with about 2 yl of ice-water (temperature control of this assembly is 
not difficult to arrange). After being dried, the crystals were loosened 
with a fine gold wire and tapped into a new tube, where they were weighed. 
About twice their weight of acetyl chloride was spun down on them; 
the tube was sealed and heated for about 2 minutes in a paraffin bath at 
90°; reaction was then complete. The liquid was spun into the tapered 
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end and allowed to crystallize, the mother liquor was removed as above 
and the succinic anhydride crystals were washed with cold ether. One 
crystal was then reserved for melting-point determination. Some mani- 
pulative losses due to inexperience were encountered, and in our best 
experiment 470 pgm of succinic anhydride were obtained from | -43 me of 

The samples of succinic anhydride from squalene, and also from the 
three synthetic deuterated succinic acids, were examined in a high-resolution 
mass spectrometer, at the Karolinska Institutet in Stockholm, by Dr Ryhage. 
We are most grateful to him and to Professor Bergstrom who arranged for 


thus 


The molecular peaks of succinic anhydride in this spectrometer were 


sma mut the cracking pattern provided the necessary information. The 
principal mode of fission is to carbon dioxide and a fragment of mass 56 (see 
lable | In normal succinic anhydride. the peaks at masses 57-60 are 


For cach sample, the highest 


ak the « art ary " values for the other peaks are calculated 


av ntheszer 


otherwise in the specimen from squalene 


prey ared from deuteromeval mate Mass 59. a tndeuterated species, 1s 
“en t pre lomimate, and the proportion of mass 60, which would contain 
the tetradcuter ated spec is scarcely larger than would be provided by 
the rmal content of '*C in the trideuterated fragment The same thing 
could be seen im the other major mode of fission, to carbon dioxide. carbon 
n uide and ethylene. Mass spectra of the three synthetic deuterated 
succi! anhydrides are shown in Table / for comparison. 


Phe proportion of succinic acid originating from other parts of the squalene 


molecule could be measured from the radioactivity of the sample, and was 


s! n to be about 20 per cent of the total Some, but not all. of the 
| 
dideuterated species is thus accounted for We examined the possibility of 


exchange of deuterium for hydrogen during ozonolysis, but unlabelled 
squalene ozomide, when decomposed by hydrogen peroxide in deuterated 
or tritiated water, gave succinic acid having no significant ISOLOPIC Excess. 
Succime acid recovered (with some dilution) from the mother-liquors of 
the orginal experiment, also showed the trideuterated species to be pre- 


dominant when assayed as dimethy] succinate by mass spectrometry. 
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These results are entirely incompatible with the hypothesis that the 
central carbon atoms of squalene biosynthesized from mevalonate carry 
only two hydrogen atoms originating from mevalonate, since most molecules 
clearly contain three. Comparison of the total deuterium content of our 
squalene with that of the mevalonate from which it was made indicated 
that each squalene molecule contained eleven of the twelve deuterium 
atoms in the six molecules of precursor (see Table 2). Like the mass spectro- 
metry, this indicates exchange of one hydrogen atom, but the origin of the 


Table 2. Deuterium content of squalene biosynthesized from 5-D,-mevalonate 


Atoms per cent excess 


D 
Found 0-266 
Corrected for dilution 20-9 
Calculated for 11 hydrogen (+ deuterium) atoms originating from 
C-5 of mevalonate (95-1 atoms per cent excess of D 20-9 
Calculated for 10 atoms 19-0 


Calculated for 12 atoms 


new hydrogen remains obscure, for squalene biosynthesized from farnesy! 
pyrophosphate by the squalene synthetase system in deuterium oxide gave 
succinic anhydride showing no excess whatever of deuterated species; and 
the incubation of normal mevalonate with the enzyme system and tritiated 
TPNH gave squalene containing very little tritium. 

We cannot explain the dis: repancy between these results and those of 
Rilling and Bloch*. However, our hypothesis of the biosynthesis of squalene 
by way of dehydrosqualene is proved incorrect and must be withdrawn. 
And, if the data indicating exchange of one hydrogen atom during bio- 
synthesis are accepted, no mechanism yet proposed (¢.g. by Lynen et al.” 
is consistent with the facts. It would seem that the coupling of C,, units 
is A more complex process than had been thought. 

Finally, we come to the cyclization of squalene; and here, in contrast, 
chemical prediction has constantly anticipated the results of biochemical 
experiment. In 1955, not long after squalene was established as a precursor 
of cholesterol, Ruzicka and his colleagues published a paper®* which might 
be termed the apotheosis of the isoprene rule. Essentially, the cyclizations 
of squalene were pictured as reactions of an electron-defic ient centre with 
the available electrons of a double bond. In chemistry of this sort, 1 ,2-shifts 
of hydrogen and alky! groups are common. Some well-grounded assump- 
tions were made about the stereochemistry of these additions and re- 
arrangements. Detailed mechanisms for the biosynthesis from squalene of 
all known types of triterpenes could then be formulated, while observing the 
added condition of non-stop reaction: that is, the initiating electron- 
deficiency was not lost at any intermediate stage. 

This theory, as applied to the biosynthesis of lanosterol. postulates an 
initiating species equivalent to a hydroxyl cation. A concerted cyclization 


* This anomaly has since been resolved (G Popj4k, De W.S Goodman, J. W. Cornforth 
R. H. Cornforth and R. Ryhage. Biochem Biophys. Research Communs., 4, 138 (1961). The 
source of the “ new " hydrogen atom is shown to be TPNH. 
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then leads to an intermediate in which the electron-deficiency has been 
transferred to what will be C-20. A rearrangement occurs. the effect of 
which is to invert the configuration of the carbonium ion. A series of four 
1,2-shifts is then possible, two hydrogen atoms and two methyl groups 
migrating; and finally the positive charge is lost as a proton from C-9, 
leaving lanosterol. This cyclization of squalene to lanosterol is represented 
after Eschenmoser et al.5*) as follows: 


OH 


All experimental facts so far available are consistent with this view. In 
particular, Bloch’s group** and our own® have examined the rearrange- 
ments of the two methyl groups. This was a difficult problem, because the 
symmetry of squalene made it impossible to label only one of the groups, 
and both solutions were based on the fact that a mass spectrometer can 
distinguish molecules containing one isotopic atom from those containing 
two. We were able to show that the C-18 methyl group of cholesterol had 
arrived there by intramolecular migration from C-14, and our Harvard 
colleagues showed that the methvy!] group on C-14 of lanosterol is not the 
group occupying a corresponding position in squalene but has also arrived 
there by migration. All this is in strict accord with theorv. 

Theoretically, the position of squalene as the mother of triterpenes seems 
unassailable, but lanosterol is still the only triterpene of which squalene is 
actually proved to be the precursor. Arigoni’s demonstration® that 
soyasapogenol B is biosynthesized from acetate and from mevalonate seemed 
also to show that the labels in both these precursors had become somewhat 


mixed. No doubt the tracing of a biosynthetic pathway in a higher plant 


will raise difficulties, and will require more workers in this field than are 


628 


= 
4 
R 
CH 
3 
| 
. 
3 = 
: 
7 
: 
= 


THE BIOSYNTHESIS OF POLYISOPRENOIDS 


yet available. Perhaps I may end on this note, for if even one of those 
present should be moved to experiment by the story I have tried to tell, 
then your patience in hearing it might be rewarded. 
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SUMMARY OF SCIENTIFIC ACHIEVEMENTS 
OF THE SYMPOSIUM 


Str Rosert Rosinson 
170 Piccadilly, London, U.K. 


It would be presumptuous for me, or anyone else for that matter, to 
pretend to be able to perform adequately the task which I must now attempt. 
For one thing, none of us has been able, as we might have wished, to be 
in three places at the same time. Furthermore, the preprinted abstracts 
are largely of the nature of appetizers, an invitation to the lunch; but with 
a masterly reticence in regard to the menu—to say nothing of the details 
of the cooking. Nevertheless, there is much more to be said than I can 
possibly cram into half-an-hour, and I can only plead for merciful con- 
sideration of the extenuating circumstances and recognition of the fact that 
my remarks will inevitably be coloured by personal scientific interests and 
by my own predilections and, perhaps, prejudices. It is in that light you 
should view my estimate of the Symposium as a whole. For me, it has 
been an entrancement throughout, a spectacular demonstration of rapid 
progress and vitality, and a pledge for future advances. I am not here to 
make dogmatic comparisons of merit or significance. The highlights 
which I shall mention may appear dazzling to me, because I am relatively 
near to them; more remote stars in the galaxy may, of course, be brighter 
for all I know. 

Running right through the Symposium were lectures and other con- 
tributions dealing directly with the methods and principles, physical and 
physicochemical, applicable to the determination of molecular structure, 
or to various examples of the use of such techniques in the solution of 
particular problems. Dr Thompson gave a general survey in his Sym- 
posium Lecture, and, though himself a pioneer of infra-red spectrometry, 
gave pride of place to X-ray crystallography, chiefly, I think, because that 
method gives full structural information, including a solution of the stereo- 
chemical problems. In passing, I would remark that structure determina- 
tions by classical methods should be followed by X-ray studies wherever 
possible. A good example is afforded by strychnine: after the long chemical 
trail had ended at the correct two-dimensional structure, the work of 
Bijvoet was still needed to determine the configuration of the molecule in 
space. 

Dr Mathieson contributed an authoritative paper on the direct deter- 
mination of molecular structure by physical methods alone, especially, of 
course, his own methods of X-ray crystallography. Indeed, Dr Mathieson 
has given several convincing demonstrations of the validity of the implied 
claim: one was the alkaloid cryptopleurine, an Australian natural product, 
but here I would like to make a few comments. 

Dr Mathieson and other enthusiastic physicists and physical chemists are 
entirely justified in the exclusion of the organic chemist in order to prove 
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a point, namely, their contention that it is possible to determine molecular 
structure by physical methods alone. 

Although this is true, it must not be supposed that the molecular structure 
is the be-all and end-all of the matter. It has been the objective of the 
classical organic chemist, who has approached molecular structure by the 
methods of analysis and synthesis which are familiar to all of us. But 
the great value of this work has been the approach—the analysis and the 
synthesis—and the region of chemistry which has been explored in that 
way. It has not been, perhaps, so much the final result. Even if we 
know the structure, we shall still have to explore the surrounding chemical 
territory. I shall give just a few examples. Would it have been a good 
thing for organic chemistry as a whole if the structure of indigo had been 
determined by just looking at a few milligrams of the pigment, so that 
Baeyer did not carry out the wonderful work which led, inter alia, to the 
determination of the structure? I think not. Another example is that of 
camphor since, even after the structure was known, there was a tremendous 
effort directed to the preparation of derivatives and study of the manifold 
molecular transformations which that Proteus among chemical substances 
undergoes. Thebaine is another case. Even when we knew the structure, 
we still had many difficult problems to tackle in order to reveal the full 
beauty of the wonderful complex of migratory processes that occur. 
Similarly for strychnine and cholesterol. Other examples will occur to 
you very easily. Thus it is not to be imagined that the knowledge of 
molecular structure is the end of the chapter. It is rather the chemistry 
which we encounter, in arriving at the molecular structure and in carrying 
out the synthesis, which is of the greater importance. 

Many other applications of physical methods were brought to our notice. 
I would wish to refer particularly to the relatively new method of optical 


rotatory dispersion which was described so well by Professor Djerassi, and 


of which he is a pioneer and enthusiastic advocate. Many examples of 
the use of infra-red spectroscopy and of nuclear magnetic resonance occurred 
during the course of the Symposium, and these methods are undoubtedly 
among the most powerful tools which have been placed in our hands. The 
older method of ultra-violet spectroscopy is still an essential resource, and 
was found extremely useful by Professor Jones in his study of the acetylenic 
derivatives formed as products of the life processes of moulds. Throughout 
this Symposium, we have heard not only arguments in favour of physical 
methods, but also very good applications and justifications of this propa- 
ganda by the special determinations of structure which have been possible 
in that way. 

One result of this gathering will have been a clarification of our ideas as 
to what each of the newer methods can actually do. Thus, optical rotatory 
dispersion gives stereochemical information which cannot be obtained from 
the ultra-violet or infra-red absorption spectra. The ultra-violet absorption 
is highly constitutive and, with increasing knowledge, what were thought 
to be vices turn out to be virtues; the electronic spectra show up the con- 
jugative displacements and their changes under various conditions. Similar ly, 
the extensive study of infra-red absorption has led to a better understanding 
of the scope of the constitutive effects in this region. The newer method of 
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nuclear magnetic resonance is chiefly used to classify the hydrogen atoms in 
the molecule. It has proved a searching instrument, even in the case of 
complex alkaloids and the like. 

The Symposium showed very great, and still growing, interest in the 
alicyclic polycyclic series, including the poly-iso-pentanoids. The brilliant 
lectures of Professor Barton and Professor Sorm require detailed attention 
for their appreciation; they certainly deserve close attention. The same 
applies to many other lectures and contributions, for example, those of 
Professor Brockman, and Professor Sorensen, in all of which important new 
results and correlations were disclosed. 

We were greatly privileged to hear the lecture of Professor Woodward, in 
which he described, I believe for the first time, the outstanding achievement 
of the total synthesis of chlorophyll. Professor Woodward is not only a 
most brilliant synthetic organic chemist, who gives us metaphorical left 
hooks and right jabs in bewilderingly quick succession, but also an expositor 
able to convey a sense of the drama of the development to his audience. 
His lecture was thoroughly enjoyable, even thrilling, as an experience. 
No doubt in places he admitted to a little good fortune, though he also 
made it clear that it was expected. I was reminded of Benjamin Franklin’s 
wise saying—*‘* Luck is the bonus that accrues to industry”. Well, Wood- 
ward and his team were surely industrious. This achievement of the 
synthesis of chlorophyll is a very good example of the kind of comment that 
one often sees, “what good is it?” Presumably the “ good thing ”’, as 
Woodward has so admirably pointed out himself, is the new knowledge 
that is obtained; increased understanding of the chemistry of chlorophyll, 
and of how it is likely to behave in a variety of circumstances. We do not 
know where that new knowledge may lead us, but it is certainly a most 
important substance and, therefore, we must know everything we can 
about it. 

The Section Lecture of Dr Lederer was quite outstanding in interest and 
importance, and in promise for future developments. I had no means at 
hand for measuring the decibels of the applause, or its duration, but it was 
clear that my assessment was widely shared. Dr Lederer described 
extensive studies of biologically-active lipids produced by bacteria, especially 
the tubercle bacteria. Using every applicable modern technique he 
explained how several classical problems in the field have been finally 
solved, and, even more useful, he indicated the stages reached in the solution 
of others, including some that may have great significance for the therapy 
of tuberculosis in the future. I do not think that my high estimate of 
Professor Lederer’s contribution is coloured too much by the fact that he 
agreed with some conclusions reached in our laboratory in Oxford, but 
certainly that gave me the near angle of sight which I mentioned previously, 
and I was able to appreciate the rest of it very much. Professor Lederer’s 
modesty and humorous style charmed us, whilst the scientific matters 
adumbrated were positively exciting. His contribution to the Symposium 
will certainly be long remembered. 

Several lectures and papers dealing with surveys of natural products 
were given, and Dr Price’s talk on Australian natural product research 
showed how well the opportunities have been exploited here, largely under 
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the guidance of Dr Price himself. Incidentally, may I sav that the visits 
to laboratories, for example those to the John Curtin Laboratory and to 
the C.S.1.R.O. Laboratories, were all very much appreciated. The closer 
contact with the work which we obtained in that way was extremely valuable. 

It is very difficult to summarize the chemo-taxonomic work. of which a 
remarkable example is Professor Erdtman’s study of the constituents of 
conifers. His genial approach and obvious enthusiasm for his subject were 
quite infectious, and I think that Erdtman has made an almost unique 
contribution to the application of organic chemistry to taxonomy. It is a 
good example that should be followed by other similar researches in that 
kind of direction 

I have not yet mentioned the alkaloids. Of course, there were many 
papers dealing with alkaloid chemistry, and I would like to mention par- 
ticularly the lecture of Professor Stoll, which described the applications 


which natural product research might have in industry Chese reper- 
cussions may indeed be important, but Stoll’s work is just as academic 
whatever that word means) as anyone else's. He has made extraordinarily 


valuable and unique contributions to the chemistry, for example, of the 
dig talis and ergot scrics 

Another thread which has been running through the Congress was that 
ol tmowencsn or relations of structures Professor Birch, originally a 
Sydney student, and later a Professor here, gave many interesting further 
examples of the use of isotopic tracers in claborating the hypothesis of the 
acetate condensations leading to natural products. But I think that the 
lecture of Dr Cornforth was another extreme, important event in the Sym- 
possum-—one of the real highlights. 

The way in which Cornforth was able to describe the complete story of 
the synthesis of the iso-pentane skeleton, and then, for example, that ot 
squalene, and through lanosterol to cholesterol and similar compounds, 
was quite remarkable. It was an extremely well prepared lecture, and of 
very great value to all of us. We admired the way in which the lecture 
was delivered, and found the matter, especially that which was contributed 
by Cornforth himself, quite fascinating. May I take this opportunity to 
say that Dr Cornforth was chiefly responsible for the successful termination 
of the first synthesis of the tetracyclic skeleton of the sterols which was 
efiected in my laboratory at Oxford 

The scientific value of a sy mposium such as this is not wholly concentrated 
in the contributions The opportunities it affords for personal contacts 
and discussions are also exceptionally valuable. That, I think, is part of 
the true raison d’étre of a symposium such as this. It has been without 
question the most successful which I have ever followed. Never before 
has there been a symposium, concentrated on this section of organic 
chemistry, in which so many really significant papers have been delivered. 
Clear evidence of the enthusiasm of organic chemists in the last twenty 
years has been presented. The resurgence of interest has evidently 
been connected with the powers conferred by new te hniques, which 
investigators have been as quick to adopt as the delays in delivery 
of apparatus permitted. We have had the great advantages conferred by 
new methods of separation including the ordinary methods of chromato- 
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graphy on paper or column, partition chromatography, vapour phase 
chromatography, and Craig separators. Naturally, the micro-methods, of 
analysis and manipulation, and the new physical methods of examination 
of the products have taken much of the tedium from our bench work and 
freed us for the harder tasks. The availability of isotopes has enormously 
stimulated interest in biogenesis because this can now be studied experi- 
mentally, instead of from the conjectural point of view; all these things 
have come together to produce a flood of research, of which we have had 
the clearest evidence in this Symposium. It has, therefore, been a most 
significant occasion, and we hope that it will be repeated, as is promised, in 
Czechoslovakia in 1962. 

Finally, as there may not be another opportunity, may I say something 
not directly concerned with an estimate of the value of the Symposium ? 
I want to refer to our President, Sir Alexander Todd. It would be pre- 
sumptuous, again, for me, and impertinent, to discuss his Presidential 
Address: that is not, for my present purpose, a part of the symposium which 
I have attempted to cover. It was an inspiring review, and we all thoroughly 
enjoyed it. However, I do want to thank Sir Alexander Todd for acting 
as President of this Symposium, and also for the way in which he has assisted 
everybody in their various tasks. There is no question but that the success 
of this Symposium has been in large measure ensured by his Presidency. 
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1.U.P.A.C. 1957 RULES FOR 
NOMENCLATURE OF ORGANIC CHEMISTRY 
ERRATA 


Che Commission on the Nomenclature of Organic Chemistry, at 
its meeting in Munich, 1959, authorized issue of the following errata 
to the 1957 Rules (Section A, Hydrocarbons; Section B, Heterocyclic 


Systems; also Steroids) (published by Butterworths Scientific Publi- 
cations, London, 1958). 
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Page 9 


A-2.3 (ii Last formula: 


Move the upper CH, to above the CH, attached to the carbon atom 


numbered 3. 


A-2.3 (: Last formula 


Add a double bond between carbon atoms numbered | and 2. 


Page 15 


A-3.6 Last formula 


\dd a hydrogen to the carbon atom numbered 6. 


Page 37 


A-34.4 Change the name under the example to 
10,11-Dihydro-5, 10-0-benzeno-5H-benzo| 6} fluorene. 


Page 51 


B-1.1, Tasre : 


Change the valence for Tin and Lead from Il to IV. 


Page 


B 2.11, item (7 
Change tsobenzofurany! -shown 
l-shown 


Vote: The 3-form is the same as the |-form 


to wobenzofurany! 


It would probably be 


clearer also to move the free valence to correspond to the 1-position of 


the parent compound 


Page 64 


Page 


B-3.4. Correct the name under the example to 


Imidazof 


7+-82 


For conformity with the practice in sections A and B of the rules. 
unsaturation indicated in names should conform with the conventions of 
Chemical Abstract This involves changes in the position of certain 
numerals. Names should then be altered as follows 


S--3.4, first two examples 
1,3,5(10)-Estratriene 
1,3,5(10 ,6,8-Estrapentaern 
S-3.6, line 4 
20(22)-cardenolid« 
S$ -3.7, line 5 
20,22-bufadienolide 
fourth example 
if ,14-Dihydroxy-4,20,22-bufatrienolide 
$4.1, four examples 


11a,17,21-Trihydroxy -4-pregnene-3,20-dione 


3, 16a, l-one. 


S-6.1, second example 
18-Nor-4-pregnene-3,20-dion¢ 
preg 
S-7.3, second example 


3-Hydroxy-p-dihomo-] ,3,5( 10)-estratrien-] 7b-one. 


S-7.4, last two examples 


acid. 
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